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Abstract: Water oxidation, the bottleneck of the water splitting reaction, requires the development of
stable, economic but also efficient water oxidation catalysts. Spinel-type Co3O4 is amongst the most
promising materials in this context, due to its low cost and robustness. However, there is not only one
clearly defined, unique compound referred to as Co3O4: the material in fact can exhibit very different
characteristics, with respect to crystallinity, defects, doping, particle size, oxidation state, or surface area,
just to name the most important ones. These parameters were found to largely influence the catalytic
behavior of the corresponding spinels and they can be tuned by varying and adapting the synthetic
conditions. Therefore, three different approaches were applied throughout this thesis to investigate the
influence of synthesis parameters on the emerging spinels and the resulting relationships between ma-
terials properties and catalytic activity. First, spinel-type Co3O4 materials prepared by nine different,
well-established synthetic protocols are compared. The resulting cobalt oxides were characterized with
a wide range of analytical methods, including XAS, XPS, PXRD, Raman, BET, and TEM to investi-
gate the connections between materials properties and efficient catalysis. Going beyond most literature
reports, the catalytic activity was tested with all of the three typical water oxidation methods: elec-
trocatalytically, chemically and photocatalytically. Different activity trends were found for the three
test methods. Whereas no clear influence of the synthetic protocol on the electrocatalytic activity was
evident, the chemical and photocatalytic approaches showed significant differences between the samples.
Especially for chemical water oxidation, the importance of the surface area, the increase in disorder and
the decrease in oxidation states of the materials exhibited by samples synthesized at lower temperatures,
was unequivocal. The next study was in fact a close-up investigation, following up on the previous one:
microwave hydrothermal synthesis, which is a very attractive and time-saving synthesis method that can
accelerate reaction times and reduce reaction temperatures significantly, was applied. Hence, the param-
eters were varied only within a single preparative approach. The resulting spinels were examined with
respect to materials characteristics like crystallinity, oxidation state and surface area with various ana-
lytical methods. Furthermore, their water oxidation activity in electrocatalytic and chemical oxidation
setups was investigated. For both oxidation methods the same trends regarding the synthesis parameters
were found, showing higher activity for lower synthesis temperatures, lower precursor concentrations,
addition of hydrogen peroxide and shorter ramping and reaction time. In the last part of this thesis,
synergistic effects between cobalt and other transition metals as well as the influence of the addition of
redox inert gallium ions into the spinel matrix were studied. Especially the incorporation of around one
third of iron was slightly beneficial for the water oxidation activity. However, most metal combinations
were not able to compete with the plain Co3O4 matrix, also not with the use of Ga3+ as a redox-inert
mimic of Ca2+ in photosystem II. Interestingly, metallic cobalt, which was formed as a side product in
one synthesis, increased the activity significantly and was shown to exhibit considerable water oxidation
abilities. These results merit deeper investigations with respect to the interplay and relative activities
of cobalt materials with oxidic and metallic properties. Overall, the influence of spinel properties, which
were varied through synthesis conditions or starting materials, on different approaches of catalytic water
oxidation is reported in the main part of this thesis. It was shown that less-crystalline materials with
more defects and higher surface area exhibit the highest water oxidation activities. All in all, the inves-
tigations demonstrate that both preparative approach and selected water oxidation test assays can exert
substantial influence on the catalytic activity and assessment of cobalt oxide catalysts. These results are
significant for future comparative studies on the optimization of oxide-based water oxidation catalysts
with respect to technical applications.
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Water oxidation, the bottleneck of the water splitting reaction, requires the development of stable, 
economic but also efficient water oxidation catalysts. Spinel-type Co3O4 is amongst the most 
promising materials in this context, due to its low cost and robustness. However, there is not only 
one clearly defined, unique compound referred to as Co3O4: the material in fact can exhibit very 
different characteristics, with respect to crystallinity, defects, doping, particle size, oxidation state, 
or surface area, just to name the most important ones. These parameters were found to largely 
influence the catalytic behavior of the corresponding spinels and they can be tuned by varying and 
adapting the synthetic conditions. Therefore, three different approaches were applied throughout 
this thesis to investigate the influence of synthesis parameters on the emerging spinels and the 
resulting relationships between materials properties and catalytic activity.  
First, spinel-type Co3O4 materials prepared by nine different, well-established synthetic protocols 
are compared. The resulting cobalt oxides were characterized with a wide range of analytical 
methods, including XAS, XPS, PXRD, Raman, BET, and TEM to investigate the connections 
between materials properties and efficient catalysis. Going beyond most literature reports, the 
catalytic activity was tested with all of the three typical water oxidation methods: 
electrocatalytically, chemically and photocatalytically. Different activity trends were found for the 
three test methods. Whereas no clear influence of the synthetic protocol on the electrocatalytic 
activity was evident, the chemical and photocatalytic approaches showed significant differences 
between the samples. Especially for chemical water oxidation, the importance of the surface area, 
the increase in disorder and the decrease in oxidation states of the materials exhibited by samples 
synthesized at lower temperatures, was unequivocal.  
The next study was in fact a close-up investigation, following up on the previous one: microwave 
hydrothermal synthesis, which is a very attractive and time-saving synthesis method that can 
accelerate reaction times and reduce reaction temperatures significantly, was applied. Hence, the 
parameters were varied only within a single preparative approach. The resulting spinels were 
examined with respect to materials characteristics like crystallinity, oxidation state and surface area 
with various analytical methods. Furthermore, their water oxidation activity in electrocatalytic and 
chemical oxidation setups was investigated. For both oxidation methods the same trends regarding 
the synthesis parameters were found, showing higher activity for lower synthesis temperatures, 
lower precursor concentrations, addition of hydrogen peroxide and shorter ramping and reaction 
time.  
In the last part of this thesis, synergistic effects between cobalt and other transition metals as well 
as the influence of the addition of redox inert gallium ions into the spinel matrix were studied. 
Especially the incorporation of around one third of iron was slightly beneficial for the water 
oxidation activity. However, most metal combinations were not able to compete with the plain 




Interestingly, metallic cobalt, which was formed as a side product in one synthesis, increased the 
activity significantly and was shown to exhibit considerable water oxidation abilities. These results 
merit deeper investigations with respect to the interplay and relative activities of cobalt materials 
with oxidic and metallic properties. 
Overall, the influence of spinel properties, which were varied through synthesis conditions or 
starting materials, on different approaches of catalytic water oxidation is reported in the main part 
of this thesis. It was shown that less-crystalline materials with more defects and higher surface area 
exhibit the highest water oxidation activities. All in all, the investigations demonstrate that both 
preparative approach and selected water oxidation test assays can exert substantial influence on the 
catalytic activity and assessment of cobalt oxide catalysts. These results are significant for future 
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1  Introduction 
1.1 Energy Supply – Development, Current Status & Outlook 
Climate change is one of the main global challenges of our age. To bring global warming under 
control is an indispensable necessity to prevent further rise in the sea level, extinction of animal and 
plant species and endangering food supply to name a few consequences.1–4 A substantial portion of 
CO2 emissions is caused by fuel combustion for electricity production (Figure 1-1).5,6 According to 
the International Energy Agency (IEA), 82% of primary energy supply is covered by fossil fuels, 
which did not decrease significantly, but only by 4%, in the past 50 years.5 Even though the need 
for energy is rising slower than in the past, the absolute energy demand is still increasing, according 
to the “new policies scenario”, which models current and announced energy policies, including 
those in the Paris Agreement, namely by 30% until 2040. This is also, but not solely, due to the 
increase in world population.7,8 Therefore, the only way to tackle this problem of global warming 
is to shift from fossil fuels to renewable energy sources.  
 
Figure 1-1 World CO2 emissions from fuel combustion by sector, 2015.5* Other includes agriculture/forestry, fishing, 
energy industries other than electricity and heat generation, and other emissions not specified elsewhere 
Although capacity from coal-fired power plants increased by nearly 900 GW since 2000 the era of 
coal slowly draws to an end. From today to 2040, only 400 GW more will be produced from mainly 
plants, which are already under construction, according to the IEA.8 The oil and natural gas demand 
is foreseen to grow for the next 20 years. Renewables already cover a substantial portion (40%) of 
the increase in primary energy demand and make up for two-third of global investment in power 
plants for the next 20 years.8 In 2016, 2017 GWe were produced by renewable energy sources,9 
whereas hydroelectric energy makes up for the biggest part, 83% of global electricity production 
from renewable sources (see Figure 1-2)10. The reason for this clear dominance is probably the 
reliable technology for harnessing water, which dates back to the early 20th century.10 The second 
largest player is wind energy with 4%, exceeding biowaste and biomass energy (2%), followed by 




little considering the fact that the sun provides enough energy in about one hour to cover the global 
energy needs of >9000 Mtoe and has therefore huge potential to increase this small share11,12. The 
development of PV for electricity production started with the oil crisis in 1973, when alternative 
energy sources were more and more in the limelight.13 
After the nuclear catastrophe in Chernobyl 1986 the research and development as well as production 
of solar cells was further increased. Efficiency of PV has increased over the last years, but what is 
even more important is that it had become much cheaper due to improvements in technology and 
the implementation of polycrystalline silicon besides the expensive monocrystalline silicon.  
Whereas one Watt from a solar module cost 96$ on mid-1970s, the costs decreased by 99% to 0.68$ 
in 2016.14 This is quite promising, since there are much more technologies developing and entering 
the market. However, PV has one major drawback: the energy from sunlight is directly converted 
to electricity, therefore inverters are needed to convert the direct current (DC) to alternating current 
(AC) and, more importantly, they also require storage batteries, which increase the cost 
considerably, or other storage possibilities. For example, the Tesla Powerwall 14kWh battery costs 
$7’100 (with installation) and to back-up the energy for one house for one day, three of these 
batteries are required, adding up to $18’300.15 Therefore it is desirable to convert the energy of solar 
light into chemical energy, called artificial photosynthesis, thus synthesizing fuels. This process is 
inspired by nature’s photosynthesis. 
  
 





1.1.1 Water Oxidation in Nature 
Photosynthesis, namely the oxidation of water to oxygen by the manganese-containing oxygen 
evolving centre (Mn-OEC) in the chloroplasts and the following back-reduction of oxygen to water 
in the aerobic respiration by cytochrome c oxidase in mitochondria is essential for plant and also 
animal and human life on earth.16 Pirson could show in 1937 that this oxidation seems to be 
dependent on manganese since plants and algea in which manganese was removed were unable to 
evolve oxygen.17 Owing to its accessible oxidation states of II, III, IV and V, manganese is perfectly 
suited for its central role in this redox catalysis. The Kok cycle, which is a widely accepted theory 
proposed in 1970, describes the water oxidation in photosynthesis in five intermediate states, known 
as S states (Figure 1-3), which is based on the observation of Joliot, that Chloroplasts, excited by 
short flashes after adapted to the dark, evolve oxygen in discrete pulses with a periodicity of 
four.18,19 Kok proposed that through this cycle of the intermediate states (S0-4), the oxidizing 
equivalents of four absorbed photons by pigment P680 are stored on  the OEC of photosystem II 
(PS II).18 
 
Figure 1-3. a) Water oxidation through different S-states.20 b) Crystal structure of Mn4O4 cluster of OEC.21 
Figure 1-3 b) shows the structure of the PS II core, the cuboidal {Mn4O4} cluster. It consists of four 
manganese atoms, three of them plus one calcium atom in four corners of a distorted cube, whereas 
the rest of the corners are occupied by oxygen atoms. This structural motif is widely discussed in 





1.1.2 Artificial Photosynthesis 
Splitting water by solar light can be a clean, abundant and sustainable way to produce hydrogen as 
energy carrier. This process is inspired by nature’s photosynthesis, i.e. the way plants convert light 
into chemical energy. 
1.1.2.1 Photocatalytic Water Oxidation 
Inspired by natural photosynthesis, intense worldwide design and testing of artificial solar water-
splitting catalysts and devices is now ongoing. Solar-to-chemical energy conversion would be 
highly desirable and even though many international scientific consortia are working on this topic, 
it remains a significant challenge to construct an efficient device capable of producing hydrogen at 
a scale that can compete with fossil fuels. The efficiency is determined by the thermodynamics and 
kinetics of three processes: the light-harvesting, the charge generation and separation and the 
catalytic reaction. 
In nature’s photosynthesis, the reaction is proceeding stepwise, accumulating enough energy to split 
water by exciting two subsequent chlorophylls (P680 and P700) connected in series with an electron 
transfer chain according to the Z-scheme22 (Figure 1-4 a). In artificial photosynthesis, the reaction 
can be carried out in two ways: either with one light-absorbing species reducing and oxidizing both 
corresponding catalysts for water oxidation (Figure 1-4 b) and reduction, or by a two-step technique 
which is analogous to the Z-scheme, where the oxidation and reduction of water are separated into 
two systems (Figure 1-4 c). For light absorption, dye molecules or semiconductors are used whose 
light-absorbing properties can be tuned by changing the HOMO-LUMO distance or the bandgap. 
They should efficiently absorb sunlight and convert it to an excited state, which is followed by a 
charge-separation step to generate the required driving force for the water splitting reaction. The 
energy level of the oxidation catalyst (electron donor) must be lower than the excited state of the 
light-absorbing materials and higher than the water oxidation potential. The advantage of the single-
step technique is the simplicity of the structure compared to the two-step technique. However, often 
the two-step technique is preferred due to the lower charge carrier recombination through direct 
separation into the two different materials and because of the higher flexibility in the materials 
choice. The advantage of the latter is that the chromophores energy levels have to match only one 







Figure 1-4. Comparison between Z-scheme from natural photosynthesis (a) and artificial photosynthesis (b and c).23     
a) Z-scheme process is driven by the absorption of two photons, one at PSII and the other at PSI. A series of electron 
transfer pathways are indicated by black arrows. b,c) Artificial photosynthesis charge-separation processes: single-step 
reactions (b) and two-step (Z-scheme) reactions (c).23  
 
In this chapter, the focus is placed on the water oxidation part (formula (1)) of the reaction and 
different catalyst types are discussed. The overall water splitting (formula (3)) will be discussed in 
the following chapters. The four-electron transfer process of oxidizing H2O to O2 is not as easy as 
it might seem from the simplicity of educt and products. Most redox processes in nature are only 
one or two electron transfer reactions. For this four electron transfer, multiple bonds have to be 
rearranged and finally the O-O bond has to be formed. Therefore, the Gibbs free energy (ΔG) of ∼237 kJ mol−1 of this process is correspondingly high. The {Mn4O4}-core of PS II is an operational 




Artificial water oxidation catalysts (WOC) can be mainly divided into two types: homogeneous and 
heterogeneous. Homogeneous catalysts are generally transition metal based complexes while 
heterogeneous catalysts nowadays consist of different materials like metal oxides, metals, carbon-
based materials, chalkogenides. Homogeneous catalysts are easier to investigate and thus optimize 
due to their direct accessibility for a broad range of possible spectroscopic, crystallographic and 
computational methods. These methods allow also mechanistic studies at operational conditions, 
whereas for operando studies of heterogeneous catalysts often ultrahigh vacuum and advanced 
setups are required.24–28 The first molecular water oxidation catalyst was a ruthenium complex, the 
so-called “Blue-Dimer”.29 It was the starting point for a now large group of Ru-based catalysts, one 
of the most important besides Ir-based WOCs, and first-row transition metal-based complexes.30 
Intense Ir-based molecular catalyst investigations started 2008, after the corresponding oxide was 
known as the most active and stable catalyst for many years, with the discovery of Bernhard et al. 
that single-site cyclometalated iridium complexes could mediate H2O oxidation.30,31 Due to nature’s 
use of manganese in the oxygen evolving complex, lots of efforts are dedicated to the design and 
synthesis of manganese-based WOCs. Advantages like high abundance and therefore low cost make 
these materials even more interesting. Furthermore, manganese can access a wide range of oxidation 
states, which might be helpful for this four-electron transfer. Unfortunately, the intrinsic stability 
of these high-valent species is very low and has to be stabilized with effective ligands, which have 





Inspired by the fact that the {Mn4O4}-cluster of PS II contains not only active manganese ions but 
also a redox inert Ca2+-ion, cubane complexes containing Ln3+ as redox inert Ca2+ mimic and 
flexible aqua-/acetate ligands were investigated in our group and showed good performance (Figure 
1-5 a)).35,36 This was further developed to cubanes containing the widely discussed {H2O-Co2(OR)2-
OH2} edge-site motif, which is considered the sine qua non for cobalt oxide-based WOCs. They 
showed high performance and stability (Figure 1-5 a)).37–40 
 
Figure 1-5. Cubane WOCs a) with Ln3+ as Ca2+-mimic36 and b) with the {H2O-Co2(OR)2-OH2} edge-site motif.37 
Since molecular WOCs often suffer from instability, often due to oxidation of the organic ligands, 
polyoxometalates (POMs) with very stable, inorganic ligands have been developed as active 
catalysts.41–44  
Homogeneous WOCs often show increased reactivity compared and generally a higher fraction of 
accessible catalytic sites compared to their heterogeneous counterparts and allow more detailed 
kinetic studies as well as accurate structural determinations which are not hampered by 
amorphization as in solids.45 However, many molecular catalyst face challenges in terms of 
synthetic costs, stability – or the in situ formation of oxide nanoparticles which raises the crucial 
question of the true catalyst.46 There are many pathways of deactivation, degradation and inhibition 
which have been reported and even if the catalysts are stable, the practicability of molecular 
complexes is under debate.47 Heterogeneous catalysts on the other hand usually have high oxidative 
stability and further advantages like low cost and more feasible applications.43  As already 
mentioned above, IrO2 is the most efficient metal oxide catalyst, producing O2 in >99% yield with 
a fast rate of 190 Ms-1g-1 (see Table 1-1).48–50 Like in homogeneous catalysis, ruthenium is also a 
very efficient WOC component in the form of RuO2, for example as NPs supported on mesoporous 
silica (SBA-15) with a yield of 95%.51 However, to achieve global scalability, Ir and Ru are not an 




Table 1-1 Turnover number (TON) and yield in photocatalytic water oxidation by persulfate using heterogeneous 
catalysts.48 
Catalyst pH Rate [a] Yield [%] 
[b] 
Ref. 
IrO2 5.4[c] 190 >99 49 
IrO2 [d] 10 18 73 53 
RuO2 5 – 27 54 
RuO2 NP[e] 5.4 – 95 55 
RuOx /Y-zeolite[f] 
 
– 31 56 
NiFe2O4 [g] 8 2.7 74 57 
Co3O4 [g] 8 2.4 64 57 
Co3O4 -150[h] 7 - 27 58 
Co3O4 -750[h] 7 - 16 58 
NiO[g] 8 1.5 52 57 
-NiO nanorods[i] 8.5 1.8 44 59 
Fe3O4 [g] 9 0.95 55 57 
Fe2O3 [g] 8.5 0.65 24 57 
Fe2O3 (nanocubes) 8 – 13.4 60 
Fe2O3 (nanoplates) 8 – 4.5 60 
Fe2O3 (nanoflakes) 8 – 3 60 
Fe2O3 (nanoarticle) 8 – 17.7 60 
CuFe2O4 8.5 11 73 61 
LaCoO3 7 5.5 74 62 
CoWO4 [j] 7 1.3 19 62 
La0.7Sr0.3CoO3 [j] 7 3.6 59 62 
NdCoO3 [j] 7 4.6 59 62 
YCoO3 [j] 7 1.8 24 62 
CoNCN [k] 9 – 76 63 
NiMnO3 7 9.6 52 64 
-MnO2 7 5 24 64 
Mn2O3 7 2.5 18 64 
Mn2O3 (bixbyite) 7 2.4 – 65 
Mn3O4 7 1 4 64 
Mn3O4 (hausmannite) 7 1 – 65 
-MnO2 7 0.94 – 65 
NiO/CoO/Fe2O3 8.5 – 64 66 
NiO+CoO+Fe2O3 8.5 – 47 66 
[CoII(H2O)1.79]1.42[(CoIII0.85PtIV0.15)(CN)6] 8 62 100 67 
[a] O2 evolution rate: Ms-1g-1 (catalyst weight: g). [b] Yield is defined as twice the number of moles of O2 per mole of 
Na2S2O8. [c] 5.0 × 10-2 M (1.0:1.3) Na2SiF6 -NaHCO3 buffer. [d] Photoirradiation (300 W Xe lamp, > 400 nm) of a buffer 
solution (100 mL, pH 10) containing Na2S2O8 (42.9 mmol) and IrO2 (3.7 mg). [e] RuO2 supported on mesoporous silica 
SBA-15. [f] Obtained starting from zeolite Y and Ru3(CO)12. [g] Photoirradiation (>420 nm) of an aqueous buffer solution 
(pH 8.0, 2.0 mL) containing the catalyst (0.50 gL-1), Na2S2O8 (5.0 mm), and [Ru(bpy)3]2+ (0.25 mm). [h] The number 
denotes the calcination temperature. [i] -NiO nanowires and -NiO nanoplates exhibited similar catalytic reactivity. [j] 
Photoirradiation (Xe lamp, >420 nm) of a phosphate buffer solution (50 mM, 2.0 mL, pH 7.0) containing the catalyst (0.25 




A major share of these catalysts is covered by first row transition metal oxides. Among them, 
NiFe2O4 shows the best catalytic performance as shown in Table 1-1, which lists some 
representative catalysts of these earth-abundant materials.48 With 74% yield it outperforms cobalt, 
iron and nickel oxides.57 The same yield was achieved by LaCoO3, showing the highest activity of 
the Co-containing WOCs in Table 1-1.62 Besides transition metal oxides, there are also some other 
WOC-types like carbodiimides, also listed in Table 1-1,63 or polymeric carbon nitride.68 Very high 
activity and quantum efficiency was obtained by the incorporation of Ca2+ into a polymeric cobalt 
cyanide complex.69 Therefore, a wide variety of different WOCs is investigated and still it is not 
entirely clear which requirements must be met precisely to get the highest possible efficiency. Some 
articles claim that, besides surface area, high crystallinity is important whereas other studies found 
that amorphous materials seem to be the best working catalysts - and still others show that specific 
structural motifs are giving rise to the highest performance.37,70–75 Recently, Co3O4 and CoO were 
found to split water when their size is reduced to small nanoparticles (NPs) of several 
nanometers.76,77 Therefore, further studies are required to determine the decisive criteria for all types 
of highly active WOCs.  
In general, heterogeneous catalysts, compared to homogeneous analogues, have the advantages of 
good oxidative stability, some also of high abundance and therefore low cost, and easier handling, 
which means better upscaling options. Unfortunately, they suffer from one major disadvantage 
compared to molecular WOCs: they are, especially mechanistically, much harder to study and 
request more demanding in situ/operando setups.33,43,78,79 
1.1.2.2 Chemical Water Oxidation 
To conduct water oxidation catalysis, usually a sacrificial oxidant is used. The most frequently used 
in chemical water oxidation is ceric ammonium nitrate (CAN, Ce(NH4)2(NO3)6) with a redox 
potential of  1.70 V vs NHE.80,81 For Meyer’s blue dimer, introduced in the previous chapter, CAN 
was originally used to test the water oxidation activity.29 Due to its weak UV-Vis absorption CAN 
can also be used in mechanistic studies with different spectroscopic techniques.32 Furthermore, it is 
directly commercially available and for all these reasons it is widely used as sacrificial oxidant for 
water oxidation promoted by a WOC (Formula (4)).82 4 𝐶𝑒𝐼𝑉 + 2 𝐻2𝑂 ⇆  4 𝐶𝑒𝐼𝐼𝐼 + 𝑂2 +  4 𝐻+     (4) 
The biggest drawback of this system is the necessity of very acidic solutions (pH < 1), which makes 
it unsuitable for acid sensitive WOCs. Furthermore, it was shown recently, that the nitrate anion 
can promote the oxygen atom transfer, therefore influencing the evolution mechanism of O2 since 
one oxygen atom can possibly come from nitrate instead of water.83 
Another powerful oxidant is peroxymonosulfate (Oxone) which is very stable in solutions up to pH 
6. It can act as a two-electron oxidant with an oxidation potential of 1.82 V vs NHE.84 However, 
like CAN it can also promote oxygen atom transfer and since it is a two-electron oxidant, its 




reactions, is questionable.82,85 Another two-electron oxidant with a similar oxidation potential of 
around 1.6 V vs NHE (at pH 1) is sodium periodate. It can be applied to determine H2O oxidation 
activity under neutral conditions since it can be used up to pH 7.5.86 If alkaline pH is required, 
sodium hypochlorite, also a two-electron oxidant, can be utilized.82 
1.1.2.3 Electrocatalytic Water Oxidation 
The Gibbs free energy (ΔG) of 237 kJ mol-1 is converted by the Nernst equation into an 
electrochemical potential of 1.23 V vs NHE at standard conditions. The real electrode potential for 
the four sequential one-electron steps of water oxidation is higher than the potential for four-
electron, four-proton oxidation.87 This usually rather large difference between these applied 
potentials and the thermodynamic potential of 1.23 V vs NHE is referred to as overpotential, which 
is a kinetic phenomenon.32 This implies high activation barriers, and therefore a catalyst is required 
to promote water splitting. 
The electrocatalytic oxidation of water is strongly pH dependent. The reaction as shown in formulas 
(1) and (2) is only possible in acidic solution. If the water oxidation is conducted in basic solution, 
the water splitting proceeds via different half reaction types (formulas (5) & (6)). 𝑂2 + 2 𝐻2𝑂 + 4 𝑒−  ⇆ 4 𝑂𝐻−    (5) 4 𝐻2𝑂 + 4 𝑒−  ⇆  2 𝐻2 +  4 𝑂𝐻−    (6) 
Already back in 1966, Pourbaix described the electrochemical equilibria of metals in aqueous 
solution.88 The data from this atlas were summarized by Müller et al. in Figure 1-6. They colour-
coded the non-gaseous group 1−16 elements of the Periodic Table depending on their stability in 
low, neutral and high pH for applied high anodic potentials (which are required for water oxidation). 
From this figure, it is obvious that in general, more earth abundant metal oxides or hydroxides exist 
at high pH values. A method to circumvent these stability issues of certain metals at one pH region 
is to use binary systems which deviate from the Pourbaix prediction. For example manganese, 
which is not stable at basic pH, can be stabilized in the Ca2Mn2O5 perovskite structure or in nickel-






Figure 1-6. Corrosion stability of nongaseous group 1−16 elements for element−water systems at 25 °C under positive 
applied potentials; adapted from the Pourbaix Atlas. Color code: stable against corrosion by innate immunity or the 
formation of an oxide or hydroxide layer at low (orange), around neutral (green), and high (blue) pH. Elements that 
corrode under applied oxidative potentials are depicted in gray. Multiple colors (blue/orange, blue/green) indicate 
stability over a wide pH range. The combination orange/gray is for stability at low pH but only for moderately positive 
potentials.87 
As for light-driven catalysts, electrocatalytic water splitting is inspired as well by nature’s use of 
manganese. In 1977 it was already shown that MnO2 works as an electrocatalyst for water splitting 
and one decade later, Mn2O3 was established for this application.33,34 A recent study on different 
manganese oxides, however,  showed that the “best catalyst” actually depends on the employed test 
method.91 In this study, nine crystalline MnOx samples were tested chemically using CAN at pH 
0.8, photocatalytically at pH 8 with the Ru(bpy)32+/S2O82- approach and electrocatalytically in 
acidic, neutral and basic pH. Some years ago, Jaramillo et al. introduced nanostructured manganese 
oxides with activities close to noble metals for water oxidation as well as for oxygen reduction.92 
Besides manganese, iron, nickel and cobalt catalysts were heavily investigated as well.87 
Considering scalability for clean energy conversion methods, iron oxides are very attractive 
materials due to their low cost and abundance. Electrochemical studies on passive oxide covered 
polycrystalline Fe electrodes suggested a physisorbed peroxide pathway for these compounds and 
a stabilized FeVI species as active site.93 One very important approach to increase the activity of 
these catalysts is nano-structuring, which will be also further discussed later.94 The first nickel oxide 
was found to catalyse water oxidation in 1966 by Bode.95 For oxide passivated nickel anodes, Lyons 
et al. suggested also a physisorbed peroxide mechanism based on electrochemical investigations 
including NiIII or NiIV.93 The well-known beneficial effect of improving water oxidation activity of 
nickel oxide catalysts already by very small amounts of iron was discovered in 1984 by Radniecka 
et al.96 The same was also found by Corrigan around the same time.97 Therefore, mixed Ni-Fe oxides 
gained a lot of interest for electrochemical water oxidation and were, with a few others, discussed 
as one of the benchmarking electrocatalysts for water splitting.98 Recently, the activity of mixed 
NiFe-OOH was further increased by introducing oxygen vacancies, which lowered the energy 





Cobalt oxides were as well shown to be an active anode material for water oxidation in alkaline 
electrolyte, usually KOH.100–104  A study of Stahl et al. explored catalysts being heterogeneous to a 
pH as low as 3.5. In more acidic electrolyte the reaction proceeds homogeneously.105 In 1950 the 
formation of CoO, Co2O3 and CoO2 upon anodic polarization prior to oxygen evolution was already 
discovered.106 Alternative cobalt oxide types, like Co3O4 have then gained a lot of interest and will 
be discussed in larger extent in chapter 1.2.3. 
Another very important and famous Co-based WOC is CoPi, discovered by Nocera and Kanan in 
2008.107 It is formed upon anodic polarization of the inert indium tin oxide (ITO) electrode in 
phosphate buffer containing Co(II) ions.107 This catalytic film was able to split water at neutral pH 
with low overpotential and exhibits self-healing properties, which arise from a dynamic equilibrium 
between the dissolving of the film during water oxidation and the redeposition upon oxidation of 
Co2+ ions from the solution to Co3+.108  
Recent research also focused on the development of layered double hydroxides (LDHs), which 
contain sheets of M2+/3+(OH)6 edge-sharing octahedras that are intercalated by anions and water.109 
For example a Zn-Co-LDH  showed lower overpotential than the corresponding Co-based solid 
state materials (e.g. Co(OH)2 and Co3O4) according to the authors.110 Also more sophisticated 
structures like CoFe-LDH nanosheets coated with CoFe-Borate layer demonstrated considerable 
efficiency and long-time stability.111 Based on the success of the already mentioned class of nickel-
iron oxides, NiFe-LDHs also attracted a lot of interest. Boettcher et al. detected the in situ 
transformation from oxide to LDH which was accompanied by an increase in catalytic activity.112 
The highest activity in this study was exhibited by Ni0.9Fe0.1Ox, outperforming IrO2 in basic media. 
Also more advanced designs like mixed NiFe-LDH immobilized on graphene, carbon nanotubes or 
quantum dots showed high activity in water oxidation.113–115 
Nowadays, thin films become more and more important, also in electrocatalysis. These catalysts 
have the major advantage to avoid bulk materials problems like the materials conductivity, 






Bifunctional catalysts for overall water splitting. The preceding sections mainly focused on one 
half reaction of water splitting, namely the water oxidation, but the ultimate goal is a full water 
splitting system wherefore this is discussed briefly in this section. In practice, platinum catalysts 
are currently used for HER whereas iridium and ruthenium-based catalysts accelerate the oxygen 
evolution. Due to the high cost of these metals, non-precious metal catalysts are very desirable. 
Therefore, bifunctional catalysts are investigated, which are mainly first-row transition-metal 
based. The advantage of bifunctional catalysts is the simplification of the system and operation with 
one electrolyte at distinct pH. Alkaline electrolytes enable the replacement of expensive precious 
metal catalysts with transition metals and favour the more complex oxygen evolution reaction 
compared to acidic electrolytes. 118  
A simple preparation for such a bifunctional catalyst is electrodeposition from Co-salts in phosphate 
buffer yielding metallic cobalt covered with a cobalt-oxo/hydroxo-phosphate layer, which can 
reversibly convert into an amorphous cobalt oxide film for oxygen evolving reaction (OER), as 
published by Cobo et al.119 Another cobalt phosphate electrolyzer was also shown to exhibit high 
activity and stability.120  Zhu et al. presented mesoporous nanorod arrays of CoP supported on Ni 
foam for enhanced conductivity and mass transport. Besides Co-P catalysts, also Co-Se and Co-B 
were shown to be active towards overall water splitting.  
Other examples are NiFe-LDH immobilized on Co0.85Se sheets which were grown on exfoliated 
graphene sheets or CoO with CoSe2 nanobelts on Ti which were introduced recently.121,122 
Amorphous cobalt boride (Co2B), which exhibit increased lattice strain, facilitating the formation 
of OOH* intermediates and therefore showing exceptional activity for OER, also showed to be 
active for hydrogen evolution reaction (HER).123 For enhanced conductivity, supporting on graphite 
carbon can improve the performance of catalysts. A very successful representative of this method 
was obtained by Jin et al. with their cobalt-cobalt oxide and N-doped carbon hybrids.124 Also Ni-
based phosphates and chalcogenides can be applied as water electrolyzers.125–127 Along these lines,  
catalysts based on iron are investigated as well. Applications of such catalysts would be very 
eligible due to its very high abundance. Recently an iron-only catalyst was introduced which splits 
water by interconversion between Fe under cathodic bias and FeOx under anodic bias.128 Besides 
the above mentioned catalysts, also bimetallic oxides are investigated. A few examples are Ni-
incorporated hierarchical hollow NiCo2O4 microcuboids, carbon-coated Co-Mn oxide nanoparticle 
superlattices, NiCo2S4 nanowire arrays on Ni foam, NiCo2O4 and Ni0.33Co0.67S2 nanowires on Ti 




1.1.2.4 Photo-Electro-Chemical Water Splitting (PEC) 
Gray et al. differentiated between three architectures of solar water splitting devices (Figure 1-7) 
based on their level of development and projected manufacturing cost.134 Photovoltaic (PV) 
modules connected to discrete electrolyzers is the most mature technique among them. It was 
concluded by Westerik et al. that, in the short-term, this architecture is the only economical option 
for niche applications, whereas in the long term, a broader application might be possible, but for 
that still require advances in technology as well as cost reduction.135  
 
Figure 1-7. Three device architectures of solar water splitting devices.134  
Nonetheless, it is possible to surpass this design by fully integrated devices, since the efficiency of 
the system is not only made up by the PV module and the electrolyzer but the required power 
electronics (e.g. DC-DC and AC-DC converters) to enable transmission from PV modules into the 
electricity grid lower the system efficiency and also add to the cost of this approach. The connection 
to the grid is necessary because the electrolyzers require constant energy supply, which is not 
possible to cover just by solar irradiation. 
The mixed colloid architectures, where heterogeneous catalysts are in suspension (or homogeneous 
catalysts in solution) have the problem of forming explosive H2 and O2 mixtures when hydrogen 
and oxygen evolution occur together. A more promising method regarding applicability is the 
second architecture in Figure 1-7, integrated photo-electro-chemical (PEC) water splitting. This 
setup has the advantage of separating hydrogen and oxygen evolution reactions and also directly 
converting sunlight to hydrogen, therefore avoiding the ohmic losses discussed for PV/electrolyzer 
architectures. One approach is shown in Figure 1-8 which illustrates the Honda-Fujishima effect of 
water splitting by TiO2 discovered in 1972.136 TiO2 acts as UV-light absorbing semiconductor, 
generating electrons and holes upon illumination which are separated due to the band bending at 
the semiconductor/electrolyte interface. The corresponding reactions are driven by an applied 
external bias between anode and cathode: oxygen evolution reaction (OER) by water oxidation at 





Figure 1-8 Honda–Fujishima effect of water splitting using a TiO2 photoelectrode.136,137 
 
The important processes which have to be fulfilled in these systems are first the absorption of 
photons, generating electron-hole pairs with sufficient potential for the water splitting reaction. 
Furthermore, also the position of conduction and valence band have to be consistent with the water 
oxidation and reduction potentials; the bottom of the conduction band needs to be more negative 
than the H+/H2O redox potential, whereas the top of the valence band has to be more positive than 
the H2O/O2 redox potential. Therefore, the minimum bandgap energy required is 1.23 eV, 
corresponding to light with a wavelength of 1100 nm. Few semiconductors like ZrO2, KTaO3, 
SrTiO3 and TiO2 exhibit this suitable bandgap, but many more are able to carry out one of the two 
half reactions.137 The electrons and holes should be separated to minimize recombination processes 
and migrate to the corresponding surface sites where the reactions take place. Therefore, band 
bending between semiconductor and electrolyte and - if there are extra catalyst particles - also 
between semiconductor and catalyst has to be appropriate. Migration of carriers strongly depend on 
grain boundaries and defects, which increase the recombination probability, and on particle size. 
After the discovery of the Honda-Fujishima effect of light-driven water splitting, photoelectrodes 
were further developed. Due to the large bandgap of TiO2 only ultraviolet light is absorbed by these 
electrodes. Therefore, many different light absorbers/semiconductors were investigated, like 
multijuntion photoelectrodes, which drastically increase the light absorption and carrier generation 
efficiency. Improving absorption of single junction devices by using dyes like Ru(bpy)32+ was also 
successful. 138–140 The probably most famous one is the Ru-dye-sensitized TiO2 oxygen evolving 
electrode introduced by Grätzel et al.141,142 The beneficial effect of dyes drove the development of 
mesoscopic semiconductors forward.143 Bio-inspired cubic Mn-oxo-cluster catalysts were used to 
improve such a dye-sensitized water-splitting cell in the short term, before suffering from instability 
issues.144 Besides improving the photoelectrode, like by using solid solutions of gallium and zinc 
oxynitrides, very often, co-catalysts are immobilized at the electrode surface to increase the water 




For overall water splitting a bandgap of 1.23 eV and suitable band positions are required as 
mentioned above. Many photocatalysts therefore show only activity for one of the reactions, H2 or 
O2 evolution. These photocatalysts can be combined constructing a Z-scheme like in nature’s 
photosynthesis, using electron mediators which shuttle the electron between the two catalysts. 146,147 
Successful examples for such Z-schemes are the Pt/SrTiO3:Cr,Ta and Pt/TaON or Pt/MTaO2N 
(M=Ca, Sr, Ba) as water reduction catalysts with Pt/WO3 as water oxidation catalyst and IO3-/I- 
used as electron mediator or Pt/SrTiO3:Rh WRC and BiVO4 WOC with a Fe3+/Fe2+ redox couple 
as an electron relay.146–149 A system of semiconductor nanoparticles, Ru/SrTiO3:Rh for HER and 
BiVO4 for OER, without electron mediator, was introduced by Kudo et al.150 Another possibility 
for this two-step system is the tandem cell configuration.141,142 In a tandem device, two 
photosystems are connected in series, e.g. a WO3 or Fe2O3 as the top electrode, absorbing the high-
wavelength part of the solar spectrum and catalysing the water oxidation, is connected to a second 
electrode, such as to the famous dye-sensitized TiO2, which absorbs the more in the red part of the 
visible light spectrum and drives the evolution of hydrogen.151,152 A very efficient way to increase 
the activity of electrode materials is nanomaterial development or nanostructuring.23 A very 
interesting property of very small features is the so-called quantum confinement – a physical effect 
which results in an increased bandgap for nanoparticles compared to the bulk material. One example 
for quantum-confined nanostructures with optimized bandgap and tuned band edges is shown in 
Figure 1-9; nanorods made out of a solid solution of ZnO–ZnS (ZnOS) exhibit significantly 
improved efficiency compared to the plain electrodes or not-sensitized ZnO nanowire array.153  
 
 
Figure 1-9. New concept of nanomaterial development: fabrication of ZnOS nanowire array electrode on fluorine-doped 









1.2 Spinels in Materials Science 
1.2.1 Structure, Properties and Applications 
Spinels are well-known for their use as gemstones. They can adapt different colours: the Cr3+-
containing are red whereas spinels with Fe2+ or Zn2+ can be blue.154 The spinel structure was first 
discovered in 1915 when Bragg and Nishikawa found the composition of spinels to consist of A-O 
tetrahedra and B-O octahedra.155,156 Nowadays, spinel is a very important and flexible structure 
type, constituted of a cubic closed packing of oxygen with both interstices, tetrahedral and 
octahedral, partially occupied. Oxide spinels have the general composition AM2O4 with the 
possibility that A and M can be nearly all main group metals and transition metals.154 There are also 
some spinels which are not oxides but sulphides, selenides, halides and pseudohalides, but they are 
less important in materials science. Regarding the oxidation state there are also two possibilities, 
namely the A2+M3+2O2-4 and the A4+M2+2O2-4. In this chapter only the first type is discussed.  Two-
third of the metal ions occupy the octahedral voids and one-third the tetrahedral voids. In the normal 
spinel the tetrahedral voids are occupied by the A ions and the octahedral voids by the M ions. For 
this to happen, the A ions should be smaller since the tetrahedral interstices are smaller than the 
octahedral ones. If this is not the case, the formation of an inverse spinel, where one half of the M 
ions is in tetrahedral and one half in octahedral voids, or an intermediate state, called complex 
spinel, with some M ions in tetrahedral voids occurs. This is described by the degree of inversion x 
 in A1- x M x(A xM2- x)O4: for a normal spinel x = 0, for an inverse spinel x = 1 and for complex spinels 
0 < x < 1. Examples for normal and inverse spinels with different oxidation state combinations are 
depicted in Table 1-2. 







II, III MgAl2O4 MgIn2O4 
II, III Co3O4 Fe3O4 
IV, II GeNi2O4 TiMg2O4 
II, I ZnK2(CN)4 NiLi2F4 





However, it is rather difficult to understand the cation distribution, because  is not only dependent 
on the ionic radii but also on the ligand field stabilization energy (LFSE) and the temperature. The 
ligand field stabilization energy corresponds to the crystal field effect of the octahedral site 
preference energy i.e. the energy difference between tetrahedral and octahedral fields. It is an 
essential parameter for transition metal compounds. Depending on octahedral or tetrahedral 
coordination of the cation, the energies of the d-orbitals are split as a consequence of the interaction 
between the bonding electrons and the nonbonding d-electrons as shown in Figure 1-10. The energy 
difference of the eg and t2g orbitals arising from repulsion of the bonding electron pairs is referred 
to as ∆O and ∆T respectively. Due to the stronger interaction of the eg orbitals with the binding 
orbitals in octahedral coordination compared to the interaction of the t2g orbitals with the binding 
orbitals in tetrahedral coordination, the splitting of eg and t2g is smaller in tetrahedral than in 
octahedral geometry, namely ∆𝑻 =  𝟒𝟗  ∆𝑶. 
 
 
Figure 1-10. (a) In a tetrahedral complex, none of the five d orbitals points directly at or between the ligands. (b) d-
orbitals energy distribution with ligands arranged in a regular octahedron around the transition-metal ion  (6 ligands) or 
tetrahedrally (4 ligands) with ∆𝑻 = 𝟒𝟗  ∆𝑶.158 
 
The examples of Mn3O4, Fe3O4 and Co3O4 are discussed to illustrate this effect. For Mn3O4, both, 
Mn(II) and Mn(III) are in their low-spin states. Mn(II) has d5configuration and therefore both 
normal and inverse spinel would be possible since all orbitals are half occupied. But considering 
Mn(III), which is in d4 configuration, the octahedral sites are favourable with ∆O = 0.6 instead of 
0.18 and therefore Mn3O4 is a normal spinel. For Fe3O4 the inverse spinel configuration is favoured. 
Fe(III) is isoelectronic to Mn(II) and therefore both configurations would be energetically the same, 
but since Fe(II) has d6 configuration, it is better stabilized in the octahedral voids (∆O = 0.4 instead 
of 0.27) and therefore Fe3O4 is adopting the inverse spinel structure. In the case of Co3O4, which is 
a normal spinel, Co(II) exhibits d7 configuration. Therefore the inverse spinel with Co(II) in 




radii; due to its small radius of 75 pm it usually favours tetrahedral configuration), since ∆O = 0.8 
for octahedral vs 
65  ×  49 = 0.53 for tetrahedral geometry. However, since Co(III) has d6 
configuration, the maximum ligand field stabilization of  2.4 is achieved with octahedral low-spin 
configuration which outweighs the weaker stabilization of Co(II) in the tetrahedral voids. If Co(III) 
would occur as high-spin complex, which is usually not the case for octahedral coordinated Co(III), 
then Co3O4 would be an inverse spinel.157  
The spinel structure is shown in Figure 1-11. Starting from the Al4O4-cube, aluminium being 
represented by the dark spheres and oxygen by the white spheres, the corners of this cube are 
alternately occupied by Al and O2-. Each Al3+ is part of two such cubes, therefore every Al4O4-cube 
is connected to four others, sharing one corner. Each O2-, therefore four per cube, is connected to a 
tetrahedron constituted of four O2- with Mg2+ in the centre. One unit cell contains eight Al4O4-cubes 
and also eight MgO4-tetrahedra. This structure allows a lot of flexibility since partially and full 
inversion is possible and not all interstices are occupied. 
 
 
Figure 1-11. Spinel structure with Mg2+ located in the centres of the tetrahedrons, O2- represented by white and Al3+ by 
black spheres.157 
The probably most important property exhibited by some spinels is magnetism, appearing in the 
inverse spinel ferrites MFe2O4 with M being a divalent ion like Fe2+, Ni2+, Cu2+, Mg2+. The first 
practical application of magnetism was the development of compass needles with magnetite or 
Iodestone, Fe3O4, which was discovered many centuries ago in China.159 Magnetite is related to -




latter is very important for the application in magnetic data storage.159 In ferrites, the magnetic spins 
of the ions on octahedral sites are antiparallel to the magnetic spins of the ions on tetrahedral sites, 
therefore ferrites are either antiferromagnetic or ferrimagnetic.  
Other spinels also show paramagnetism, with cobalt ferrite even exhibiting superparamagnetism.160 
Applications of these magnetic spinels are in data storage, as mentioned above, but also envisaged 
in biotechnology or electronic industry. Since spinels exist in many different compositions, also 
other very interesting properties besides magnetism have been observed which enable them for 
applications in other fields. They were shown to exhibit optical, electrical and also catalytic 
properties, and the latter will be broadly discussed for the case of water oxidation in chapter 
1.2.3.161–166 The optical properties of some spinels, like electrochemical luminescence,  or 
photoluminescence, make them interesting candidates for laser applications.161,167 Due to their 
electrical properties, spinels are already applied for example in Li-ion batteries and investigated for 
Na-ion, Mg-ion and Zn-ion batteries.168–170 Defects often increase the performance of spinels and 
also of other oxides for battery or catalytic applications.170–172 One can differentiate between 
intrinsic and extrinsic defects. Intrinsic defects can be Schottky defects, which are point defects in 
crystal lattices, Frenkel defects, i.e. dislocation defects, and interstitial defects. Extrinsic defects are 







1.2.2 Synthetic Methods for Spinels 
Traditionally, spinels are synthesized using high temperature methods like calcination of the 
grinded precursors for a long period to overcome the diffusion barrier. With less energy consuming 
methods like sol-gel, coprecipitation, hydrothermal or solvothermal synthesis, these high 
temperatures and long reaction times can be circumvented. In this chapter, only the most important 
and common methods and those applied in the present thesis are discussed.  
In high-temperature solid phase synthesis, the corresponding metal precursor like nitrates, halides, 
sulfates, oxides, hydroxides or carbonates are heated to temperatures ranging from about 550 °C to 
more than 1500 °C.173–178 The most widely used compounds for thermal decomposition are nitrates. 
Often, two or more steps are applied with crushing the powders in between to redistribute the grains. 
This method can be easily applied in large-scale applications but with the major drawbacks of the 
high temperature and long reaction times. Often ball milling is used to increase the reaction rate and 
sometimes ball milling itself provides enough energy to decrease the synthesis temperature.179 By 
reducing oxygen pressure during the calcination or treating the sample with hydrogen, defects can 
be introduced into the materials.180,181  
A milder method is the so-called sol-gel approach. In this method, metal salts and a chelating agent 
are dissolved. As chelating agents, e.g. citric acid, propionic acid or ethylene glycol can be used.182–
184 For pore-formation, also glucose is often added to the mixture. The solution is heated up and 
reactions like hydrolysis and condensation start. Due to continuous heating, the solvent is slowly 
evaporated, and a gel is formed, which will then be calcinated to obtain the corresponding spinels.  
A method where no calcination and therefore no high temperature at all is needed is hydrothermal 
synthesis. In this method, metal salt precursors are dissolved in water and the solution is sealed in 
an autoclave, usually a Teflon liner within some robust reactor, usually made of stainless steel. 
Upon heating, either in the oven or by microwaves with wavelengths from 1 mm to 1 m, the solvent 
heats up differently at different areas in the autoclave, leading to gradients in solubility and 
convective flows. In hotter areas there is an increased solubility, which can lead to precipitation by 
convection in colder areas. Upon more heating, the solvent start to evaporate and pressure is built 
up, which enables the reaction to generally proceed at lower temperatures. Spinels of various 
morphologies are obtained with this method ranging from 1D structures, nanorods and nanowires, 
over 2D features like squares, hexagons or other nanosheets to 3D spinels in octahedral or cubic 
shapes.185–190 To increase monodispersity, the application of surfactants like ethyl alcohol seems to 
be useful.191 Obviously, hydrothermal synthesis is a powerful method to obtain spinels in all kinds 
of shapes and with different morphologies, which can therefore be useful for various applications. 
As it cannot be applied for water sensitive compounds, solvothermal synthesis is then an alternative 
option. The principle is the same but instead of water, solvents like ethanol, ethylene glucol or 
isopropanol can be used.192–194 Sol-gel and hydrothermal syntheses will be mentioned again in 




Another possibility to synthesize spinels is the precipitation method. The method starts from a 
solution from which the precursor precipitates after adding an according precipitant. Then, the 
precursor is annealed at high temperature to yield the spinel.195 Often, NaOH or KOH are used as 
precipitants, but also Na2CO3, ammonia and others were applied.196–199 To achieve porous 
structures, CO2-forming agents like carbonates can be added.200  
A very important synthesis method to yield films is electrodeposition, which is especially useful if 
the spinel is needed on a surface, e.g. as electrode materials. It is a cheap and fast synthesis and 
spinels with various morphologies can be obtained, like a 3D, self-assembled Mn3O4 hierarchical 
network but also quite compact films.201,202 The morphology and structure can be adjusted by 
varying different precursor salts and the carbon source to salt ratio.203  
A completely different method is chemical vapor deposition (CVD), where gaseous precursor 
decompose or react directly on a solid substrate, forming a high quality film. This method is similar 
to atomic layer deposition (ALD), which was developed by Suntola et al. in the 1970s.204 This 
deposition is carried out in vacuum, where stepwise first a precursor adsorbs on a substrate then a 
second precursor is added, which reacts with the first precursor. Residues are always flushed away 
so that the desired thin film is formed layer by layer.  
Another deposition technique, which is carried out in vacuum is magnetron sputtering. In ultrahigh 
vacuum, Argon ions (plasma), which are ionized by high-energy electrons are accelerated towards 




1.2.3 Co-containing Spinels as Water Oxidation Catalyst 
As mentioned in chapter 1.1.2.3, the formation of CoO, Co2O3 and CoO2 from metallic cobalt 
electrodes prior to oxygen evolution, indicating the oxides being the catalysts, was observed already 
in 1950.106 Later, almost 40 years ago now, spinel-type Co3O4 was first used as an electrocatalyst 
for water oxidation. 205 A comparison of electrocatalytic activity for oxygen evolution from different 
metal oxides was published in 1984 by Trasatti et al., showing considerably lower activity of Co3O4 
compared to RuO2 or IrO2 (Figure 1-12).206  
 
Figure 1-12. Electrocatalytic activity of O2 evolution on metal oxide surfaces versus the enthalpy of transition in alkaline 
() and acid (•) solutions. 
Spinel-type Co3O4 was also compared to other cobalt-containing metal oxide types, namely 
perovskite and wolframite whereof perovskite, or rather LaCoO3, showed the highest activity, 
followed by Co3O4 (see also Table 1-1).62 However these oxides are bulk materials and there are 
many possibilities to improve their activity by micro- or nanostructuring, integrated architecture 
designs, composition, crystallinity and morphology control. Kang et al. found Co(III) to play the 
more important role in electrocatalytic OER compared to Co(II) by comparing Co3O4 cubes which 
exhibit their (100) facets, and therefore only Co(II) on these surfaces, with (112) facets which 
partially also display Co(III).207  
Co3O4 was synthesized in a wide variety of structures and morphologies, like nanoparticles, 
nanocubes, nanorods, nanotubes, nanosheets or with porous structures, to address the influence of 




the higher surface area with shorter diffusion lengths. Morphologies like interconnected 
mesoporous nanoflakes or defect-rich mesoporous cobalt oxide, obtained through Mg-leaching 
from Mg-substituted Co3O4, clearly outperformed bulk Co3O4.215,216 The electrical structure of 
Co3O4 can be changed by doping with other metal ions, like Ni, Mn, Fe, Cu, but also Li, to improve 
the properties.217–223 Another possibility is to load the catalyst on a conductive matrix. 
Electrochemically grown Co3O4 on an Au electrode was easier to be oxidized and therefore showed 
higher oxygen evolution activity due to the high electronegativity of the Au substrate and therefore 
resulting increased oxidation state of the Co cations.224 This effect of substrate electronegativity 
contributes to the activity trend of cobalt oxide deposited on metal substrates, namely Au > Pt > Pd 
> Cu > Co, in line with electronegativity trends. But not only deposition on Au surfaces but even 
the construction of more advanced composites like Au@Co3O4 core-shell nanocrystals increase the 
efficiency of pure cobalt oxide.225 Besides gold and the other mentioned metals as substrates, also 
highly conductive oxides like Tl2O3 or PbO2 were used and recently, more and more carbon 
materials were identified as powerful supports as well.226 Especially graphene with its high 
conductivity and chemical and mechanical stability is often combined with Co3O4 catalysts for 
increased performance.227,228 This beneficial effect could even be improved by doping graphene and 
other carbonaceous materials with nitrogen.229,230 The improved activity was explained by Fellinger 
et al. with a synergistic effect between the Co3O4 particles and the very conductive heteroatom 
doped carbon support, in which the electron transfer from the Co3O4 to the support may be 
facilitated by these heterojunctions and therefore preventing charge accumulation.231 Besides the 
above discussed parameters like structure, architecture, and composition it is also important to 
consider the crystallinity of the discussed materials. In addition to the famous amorphous CoPi 
catalyst of Nocera discussed earlier, Switzer et al. also found amorphous Co3O4 to be more active 
than the crystalline form, whereas in our group it was shown that higher crystallinity is beneficial 
for the OER.70,107,232 An essential distinction is that in these two studies the activity was examined 
by different methods. Switzer et al. tested the material for electrochemical OER whereas in our 
works the photocatalytic assay was used. The importance of oxidation method was also outlined by 
Stahl et al. and will also be a topic later in chapter 3.91 
 
Figure 1-13. The 3D and 2D surface atomic configurations in (a) the (110) plane, (b) the (111) plane, and (c) the 




Water Oxidation Mechanism. A distinction must be made for the mechanisms proceeding in 
different pH regions. Here, only basic environments are considered since they are more important 
for the following results. Two possible mechanistic pathways were proposed in 2014 by Heinz Frei 
et al. and are shown in Figure 1-14.39 In the fast mechanism two neighbouring oxo-bridged Co(III) 
cations catalyse the oxygen evolution by two first consecutive hole injections and proton emission 
steps, whereby both Co ions are oxidized to Co(IV)=O centers. In the next step, both Co(IV) centers 
are reduced to Co(III) again by the addition of H2O, forming one Co-OH and one Co-O-OH 
peroxide species. The hydroperoxide is then oxidized by a further hole injection to the superoxide 
species, before the catalyst is returning to its ground state by the nucleophilic attack of another H2O 
and hole injection by releasing O2. The Co(IV)=O-O-Co(III)-OH resting state followed by the 
oxidation to Co(IV)=O-O-Co(IV) is in accordance with other studies.38,105 Dau et al. investigated 
several catalytically active cobalt oxide structures and found that they all featured edge-sharing 
CoO6 octahedra, corresponding to Co(III) in the normal spinel.234 This is also consistent with results 
from Sun and his group, who found the (110) planes, which contain Co(III), to be more active than 
the (001) planes, which only contain Co(II) (see Figure 1-13).235 The study of Fukuzumi et al. 
supports this finding due to the fact that the highest activity is attributed to LaCoO3 in which Co(III) 
is stabilized in the perovskite structure.62 Furthermore, Koel et al. investigated the facet dependence 
of catalysis and also found the cubes ((100) planes) to be less active but compared to the (111) 
planes, which he explained by the absence of Co(III) in 100 planes.236  
 
Figure 1-14. Proposed photocatalytic mechanism. a) Water oxidation mechanism of the fast Co3O4 surface site. b) 
Mechanism of the slow Co3O4 surface site. The OO bond-forming step with H2O in the fast cycle features the cooperative 




1.3 Scope of the Thesis 
As outlined in the intrdoduction, the development of stable, efficient and affordable water oxidation 
catalysts is crucial for large-scale water splitting applications. Regarding practical applicability and 
stability, heterogeneous catalysts are superior to homogeneous catalysts. Therefore, catalytic 
performance optimization of heterogeneous materials is the most direct pathway to enable 
forthcoming water splitting applications. The target of this thesis was therefore to determine the 
most important materials characteristics for successful water oxidation with spinels, starting from  
Co3O4 as a competent catalyst and valid model system. Moreover, hitherto underexplored 
connections between the preparative history of cobalt spinels and their resulting relations between 
materials properties and performance were newly investigated in this thesis. To this end, a 
systematic study of the influence of different synthetic protocols on the detailed properties of cobalt 
spinels was conducted on different levels of detail, employing various water oxidation catalyst 
assessment methods. Additionally, mixed spinel-type transition metal (Mn, Fe, Co, and Ni) oxides 
were synthesized and characterized to explore the emerging intrinsic materials properties and 
synergisms with metallic components. The ultimate goal of such studies are general oxide catalyst 
design guidelines through identification of (1) the most influential parameters for water oxidation 
catalysis and (2) of the optimal synthetic procedures to achieve them.  
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2 Experimental Techniques and Background 
2.1 Catalyst Preparation 
The synthesis methods applied were already briefly discussed in the previous chapter but some 
more details will be given here. 
2.1.1 Hydrothermal Synthesis 
For the hydrothermal synthesis of pure Co3O4 or mixed spinels, the transition metal salts (usually 
acetates or nitrates) were dissolved in water before the addition of ammonia solution upon which 
the hydroxides were formed. The dispersions were filled in Teflon liners and sealed in stainless 
steel autoclaves which were heated in regular lab ovens to different temperatures up to 220°C. 
Growth mechanisms of cobalt oxide spinel were monitored with in situ powder X-ray diffraction 
(PXRD) in a previous study of our group.165 It was found that the spinel phase is formed without 
crystalline intermediate but via amorphous oxides, as suggested from ex situ quenching experiment 
analyses. The growth mechanism was found to be but temperature dependent as indicated by two 
different slopes in the corresponding Sharp-Hancock plots and also by fitting the extent of reaction 
with the Gualtieri approach. The samples synthesized at the lowest temperature, 170 °C, were most 
probably formed by a mechanism related to phase boundary control. At 185°C the growth could 
best be described by the first-order model and for the highest temperature, 200°C, a Johnson Mehl 
Avrami Kolmogorov (JMAK) growth kinetic was most likely taking over, which is a 
phenomenological model for the growth kinetics proceeding via nucleation and growth at constant 
temperature. 
2.1.2 Microwave Hydrothermal Synthesis 
Microwave (MW) synthesis of various materials is becoming more and more important after the 
first article on the topic was published in 1986, since it is generally faster than standard previous 
methods and often proceeds at lower temperatures, giving rise to more diverse morphologies.237 
Many materials with industrial importance have now been synthesized by this technique like 
zeolites, complex oxides, silicides, apatite, carbides, nitrides, and others.238–243 MW hydrothermal 
synthesis is related to hydrothermal synthesis carried out in an oven, but instead of direct heating, 
interactions of reactants and/or solvents with microwaves generated by magnetrons are speeding up 
the reaction. Microwaves are electromagnetic waves with very long wavelengths of 1-300 mm 
which interact with dielectric dipole moments resulting in chaotic motion and thereby generating 
heat. They are unable to break chemical bonds or to cause a shift in the chemical equilibrium due 
to the electric field. 244 Not all materials interact with microwaves. There are three different classes 
of materials regarding the interaction with microwaves; (1) materials that reflect MWs like brass 
and other bulk metals and alloys, which are therefore used in making microwave guides, (2) 
materials that transmit MWs like Teflon, several glasses, ceramics without transition metals and 
some more, which are employed as reactor materials and (3) the above-mentioned class of MW 
absorbers which thereby generate heat.245 The microwaves used for the syntheses carried out during 
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this thesis have a wavelength of 12 cm and are randomly dissipated in the device by being reflected 
at the inside of the walls (Figure 2-1). The advantage of MW in comparison with infrared radiation 
from standard ovens is the shortening of reaction times. The synthesis of oxide nanoparticles is 
believed to occur through the formation of an amorphous gel by association of hydroxides followed 
by nucleation and growth.244 The interactions between ions with water in solvation complexes are 
believed to be perturbed by MW energy, thereby enhancing the formation rate of M-O bonds. It is 
clear that the different species differ with respect to their absorption properties and it is also known 
that so called “hot spots” can form in a microwave reactor. What remains questionable is if this 
leads to significant variations in temperature in the reaction mixture or whether the heat dissipation 
is fast enough for the reaction mixture to be deemed isothermal. Microwaves generate an alternating 
field. If the dipoles of the medium cannot re-orientate fast enough a phase lag of the orientation 
results - and therefore  a polarization current in phase with the applied field. Consequently, resistive 
heating occurs. In liquids (or other materials in which the dipoles rotate freely) the frequency of the 
dipole rotation determines the heat dissipation. The dielectric constant is frequency-dependent due 
to the characteristic relaxation times. For water at 20 °C, 2.45 GHz is the most efficient frequency 
regarding heat dissipation and therefore commercial MW ovens and also the laboratory CEM 
MARS 5 applied in the present thesis operate at this frequency.245 As a last point, the reactor 
geometry is influential. The volume of the dielectric materials exposed to MWs has an effect on the 
electric field. It is maximized when dielectric resonance, which is possible for sufficiently large 
samples, can occur. For the synthesis of zeolite NaA, low crystallization and higher impurity level 
was found for the use of vessels with higher surface-to-volume ratio, attributed to the low 
penetration depth and the resulting energy build-up on the outside of the reaction mixture.246  
 
Figure 2-1. Inside of CEM MARS 5 microwave oven used for synthesis of Co3O4. Depicted is the rotary disk which can 
be equipped with up to 12 autoclaves. The autoclaves consist of a Teflon reaction vessel which is protected by a Kevlar 
cover and closed with a Teflon lid with an overpressure membrane. The reference vessel is equipped with a temperature 
glass fibre (blue cable) sensor and a pressure sensor (blue hose).  
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2.1.3 Sol-Gel Synthesis 
Analogous to the two aforementioned hydrothermal methods, sol-gel synthesis has the advantage 
of comparable low reaction temperatures and in this case even lower costs since typical lab 
equipment without pressure resistant vessels is more convenient. Historically, metal alkoxides were 
employed as precursors in the sol-gel method since they readily undergo hydrolysis and 
condensation, forming a nanometre-sized metal oxide sol.247 A sol or colloidal suspension is a 
suspension of very small particles, in which gravitational forces are negligible. Therefore the value 
of short-range forces like van der Waals or surface charge interactions is increased. From these 
colloids, ceramics can be produced via the sol-gel process. Typical precursors are nitrate or acetate 
salts and also metal alkoxides since they readily undergo full or partial hydrolysis. Partially 
hydrolysed precursors can undergo condensation reactions, forming larger structures, particles or 
even polymers; for bifunctional monomers (typical oxide monomers) into rings or chains, for 
functionalities > 2 random, three-dimensional structures are formed. These polymeric sols are for 
example formed by silica, whereas other oxides preferably give rise to particles. 248 Figure 2-2 
shows the complete sol-gel process scheme. In this thesis, only the pathway from 'Sol' to 'Wet Gel' 
to 'Dense Ceramic' was applied with cobalt nitrate precursor and citric acid as chelating agent to 
yield Co3O4 nanoparticles of about 50 nm. This is not the traditional 'gels via hydrolysis and 
condensation' approach but the formation of small molecule gel approach, similar to the Pechini 
method.249  
 
Figure 2-2. The sol-gel method for fabrication of nanoparticles.250 
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This approach is very common since many alkoxides cannot be formed or are not stable. Therefore, 
the strategy of using small molecules, most often chelating agents, is frequently applied. In aqueous 
solutions, water molecules coordinate to metal ions, thereby the O-H bond is weakened and 
deprotonation or hydrolysis, depending on the metal and pH, occurs (formula (7)).  
[𝑀(𝑂𝐻2)]𝑧+ ↔  [𝑀 − 𝑂𝐻](𝑧−1)+ + 𝐻+  ↔ [𝑀 = 𝑂](𝑧−2)+ +  2𝐻+  (7) 
Non-aqueous solvents with low water content might be necessary for highly reactive metals. 
Usually the reaction in water can be controlled by adjusting the pH, shifting the equilibrium to the 
right at more basic pH and to the left under acidic conditions. This solution or suspension, however, 
is not the same as the gel of sol-gel synthesis, and by simply drying these solutions or suspensions 
either the applied precursor salts or some amorphous oxides/hydroxides are obtained. To obtain the 
desired products, small molecules are applied. They stabilize the formed structures in solution 
through gels. Chelating agents change the equilibria of formula (7), thereby making hydrolysis less 
favourable. Citric acid, a readily available and cheap triprotic acid, is one of the most common 
chelating agents for the small molecular gel method. The stability and homogeneity of the precursor 
solution strongly depends on the pH since cation binding of citric acid is enhanced or reduced.251 
This consideration is even more important in binary, ternary etc. compounds to ensure homogeneity 
of the resulting materials.252,253 For the synthesis of metal oxide powders, this method is often 
applied. The gel is converted by pyrolysis in air at elevated temperatures, usually yielding to very 
homogeneous products owing to the organic matrix controlling the uniformity of dispersion of 
nucleation sites. The multitude of these sites ensure the small particle size of the products. The use 
of nitrates as precursors, besides being the transition metal source, has the advantage of being the 
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2.2 Analytical Methods 
2.2.1 Powder X-ray diffraction (PXRD) 
PXRD is an essential and very powerful characterization method for crystalline materials. It 
provides information about crystal system, lattice parameters and in certain cases the crystallite size 
or structure of the analysed materials. In PXRD, usually Cu, Mo or Co K radiations are used which 
have wavelengths similar to atomic distances in crystals.  
Electrons of atoms are set into vibration when hit by an X-ray therefore emitting radiation coherent 
with the incident wave, without change of wavelength and energy loss, therefore being secondary 
point sources of X-rays. In crystals, since they are a periodically arrangement of atoms, incident 
coherent waves get scattered at different planes and interfere, either constructive or destructive, 
depending of the wavelength, the angle and the spacing of the planes. The constructive interference 
is described by Bragg's law 
2𝑑𝑠𝑖𝑛(𝜃) = 𝑛     (8) 
where 𝑑 is the distance between adjacent lattice planes, 𝜃 the angle of the X-ray and  the 
wavelength. Under these conditions, the scattered waves interfere constructively showing a signal 
of the corresponding planes. By measuring X-ray diffraction, the angle is changed giving rise to a 
diffraction pattern; reflection peaks at certain angles. After the measurement, the powder pattern 
has to be indexed, meaning assigning the peaks to the h, k, l indices and obtaining the unit cell 
symmetry and dimensions. Structural details of measured powders can be confirmed by the so-
called Rietveld refinement.  
Another possible gain from PXRD is the size determination by means of Scherrer equation. Scherrer 
found that the peak broadening in PXRD pattern correlate to the size of sub-micrometre particles.255 
The particle size correlate to the peak broadening like in formula (9) with the crystallite size 𝜏 being 
dependent on a shape factor 𝐾 (usually close to 1), the X-ray wavelength  and the Bragg angle 𝜃 
besides the peak broadening at full with half maximum (FWHM) 𝛽 (without instrumental 
broadening).256 𝜏 = 𝐾𝛽𝑐𝑜𝑠𝜃     (9) 
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2.2.2 Brunauer-Emmett-Teller (BET) surface analysis 
In heterogeneous catalysis the measurement of the surface area of the catalyst is important to 
compare and to standardize different catalysts, especially nanomaterials, where fraction of surface 
atoms is significantly higher than in bulk materials. The BET analysis is the most common surface 
area measurement method. It is named after Stephen Brunauer, Paul Hugh Emmett and Edward 
Teller who published the theory utilized for this measurement 80 years ago, namely the multi-
molecular adsorption process.257 The extended Langmuir's derivation for unimolecular layers to a 
concept for multimolecular layers and correlated the adsorption not only to surface area, but also to 
porosity, pore-size distribution and micro-pore analysis. The first underlying assumption is that the 
surface is homogeneous and the adsorption has no preferential site and occurs with maximum one 
molecule per site. Molecular interactions are neglected. The adsorption and desorption are in 
equilibrium. The reaction is not diffusion- but kinetically limited with the required energy provided 
as heat and each layer requiring the same energy for adsorption. The adsorption at saturation 
pressure (p0) is assumed to be infinite, meaning the material is surrounded by condensed liquid-
phase adsorbent. To model the adsorbed layers, an Arrhenius equation is used for 
adsorption/desorption rate kinetics regarding the surface coverage, resulting in the following 
formula: 𝑉 =  𝑉𝑚𝑐𝑝(𝑝0−𝑝)[1+(𝑐−1) 𝑝𝑝0]    (9) 
With 𝑉 being the volume of adsorbed gas, 𝑉𝑚 the volume of the adsorbed monolayer, 𝑝 the 
equilibrium and 𝑝0 the saturation gas pressure and 𝑐 the BET constant. For data evaluation, this 
equation is rearranged as a linear function of 
𝑝𝑝0: 1𝑉[ 𝑝𝑝0−1] =  (𝑐−1)𝑉𝑚𝑐 ( 𝑝𝑝0) + 1𝑉𝑚𝑐    (10) 
By plotting the left side of formula (10) against 
𝑝𝑝0 the intercept of the straight line is 1𝑉𝑚𝑐 and the 
slope is 
(𝑐−1)𝑉𝑚𝑐 , therefore 𝑉𝑚 and 𝑐 can be easily evaluated. The specific surface area 𝑆 (in m2/g) can 
then be calculated using the following formula: 
𝑆 = 𝑉𝑚𝑁𝐴22.4 × 𝑚      (11) 𝑁 is the Avogadro number, 𝐴 the adsorption cross section of the adsorbed gas, 𝑚 the mass of the 
measured compound and 22.4 the molar volume of a gas at standard temperature and pressure.258 
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2.2.3 Electron Microscopy 
Electron microscopy is a very powerful and versatile characterization method for solids. It can 
provide different kind of information, like structure/morphology but also crystal structure or 
composition are possible to investigate. As depicted in Figure 2-3, scanning electron microscopy 
(SEM) starts at the upper range of optical microscopy at  10 m and works up to a resolution of 
almost 10 nm. For higher resolution, transmission electron microscopy (TEM) or even high-
resolution TEM (HR-TEM), which makes it possible to see crystal planes or even atoms, is then 
used. 
 
Figure 2-3. Working ranges of different microscopy techniques; adapted from Anthony R. West.159 
Scanning electron microscopy (SEM). In SEM, mainly the texture and morphology of the surface 
is studied, but also the chemical composition can be investigated. A focused electron beam of 50-
500 Å diameter is moved over the sample surface with a penetration depth of  1 m.  
Measuring the secondary electrons, generated when the electron beam hits an atom at the sample 
surface and an electron from the outer shell is emitted, is the most common imaging mode. If the 
irradiated atoms are heavier, backscattering of incident electrons is getting more frequent. Due to 
elastic scattering, these electrons maintain their incident energy and areas of different chemical 
composition can be detected, since the heavier atoms are backscattering more strongly and therefore 
appear brighter.  
If the electrons of the electron beam hit the sample atom with enough energy, also electrons from 
inner shells can be ejected and because they occupied a lower energy level which is now vacant, 
outer electrons relax back to this level, emerging characteristic X-rays from which the involved 
atom can be determined. 159,259 If the device is equipped with and energy dispersive X-ray detector 
(EDX) the ratio of involved elements can be measured at high enough acceleration voltages. 159  
Transmission electron microscopy (TEM). TEM detects transmitted electrons and radiation and 
is a very powerful method so view the samples at very high resolution. Since the electrons have to 
penetrate through the sample, the sample thickness should not exceed 200 nm in order to not get 
completely absorbed by the sample.   
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For TEM imaging and diffraction, a parallel beam is used. To achieve the parallel beam, either the 
C2 lens is set to far underfocus, which produces a pseudo-parallel beam or it is set to overfocus to 
produce the cross-over on the front focal plane of the upper objective lens. From the forward elastic 
scattered electrons, two different kind of information can be obtained, which are contained in two 
different planes, the diffraction and the image plane. For the imaging mode, the objective aperture 
is put into the first intermediate diffraction plane and the intermediate lens projects the first onto 
the second intermediate image plane which is then magnified and projected on the fluorescent 
screen or detector by the projector lens.  
In the diffraction mode, the objective aperture is removed from the beam and the selected area 
electron diffraction aperture is inserted to define an area of the sample from which the diffraction 
pattern is recorded. Compared to X-ray diffraction, the intensities of the diffracted beams in TEM 
are sample thickness dependent and therefore cannot be used for crystal structure determination. 
Still, unit cell information and space group data and can be obtained by this technique. 159,260 
2.2.4 X-ray Photoelectron Spectroscopy (XPS) 
XPS measures the kinetic energy of electrons that are emitted from the sample after irradiation with 
X-rays. The high energy of the X-rays ionize electrons from different shells of the atoms. As X-ray 
sources, usually Mg K (1254 eV) or Al K (1487 eV) are used. After electrons from inner shells 
are photoemitted, electrons from outer shells relax to these lower energy levels, emitting X-ray 
fluorescence. This radiation can cause the emission of outer shell electrons, the so-called Auger 
electrons (see Figure 2-4). Depending on the binding energy of the ionized electrons, which is 
determined by the nucleus and the valence shell of origin, the resulting energy of the emitted 
electrons is different and distinct. From the spectra, the binding energies can be determined 
according to the following formula: 𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 −  𝜑   (12) 
with 𝐸𝐾  being the kinetic energy of the measured electrons, 𝐸𝐵  the binding energy of the electron, ℎ𝑣 the photon energy and 𝜑 the work function, which depends on the materials as well as the 
spectrometer. Therefore, every element has a characteristic spectrum, allowing for the identification 
of the involved atoms. Since not only the energy but also the number of electrons is measured, the 
quantity of the measured elements can be determined, indicating the sample composition. XPS is a 
surface sensitive technique since the low energy of ejected electrons does not allow them to travel 
long distances through matter, which absorbs the electrons. In addition to the element composition, 
also the local environment of a surface atom can be investigated. This is possible due to the change 
in binding energy depending on the interactions of the surface atoms to ligands like for example 
surface bound water or –OH. This change slightly shifts the peaks depending on the electron density 
change caused by the ligand. Consequently, also oxidation states have an influence on the peak 
position.159   




Figure 2-4. 1.) Excitation of core level electron followed by 2.) relaxation of outer electron and 3.) emission of Auger 
electron or X-ray fluorescence. 
 
A bit more emphasis is laid on shake-up satellites, Auger parameter and Wagner plot, since the 
materials in the next chapters are characterized accordingly. Shake-up satellites occur, when the 
emerging electron interacts with another valence electron, thereby reducing its kinetic energy. This 
gives rise to a smaller peak, the shake-up satellite, up to 15 eV lower than the main peak, usually in 
the 2p spectra of first row transition metals.261 The origin of Auger electrons is already explained 
above. A core electron is emitted due to photoexcitation, an outer electron relaxes into that core 
level releasing energy, which can cause the emission of another outer electron, an Auger electron. 
Auger peaks are named according to the shell from which the first electron was ejected (e.g. K, L, 
M), the shell from which an electron relaxed back into the first vacancy (e.g L, M, N) and the shell 
from which the Auger electron is emitted (e.g. L, M, N). In solids this can also be the valence band 
(V). The Wagner plot shows measured values of kinetic energies of a specified Auger peak versus 
the measured binding energies of a specified photoelectron peak and therefore is a good analytical 
tool for chemical state analysis.262 The same element contained in different materials can thus be 
compared. The sum of the photoelectron binding energy and the Auger electron kinetic energy is 
called the modified Auger parameter, which is insensitive to charging of a non-conducting 
specimen, and can be included as diagonal lines in the Wagner plot.263 The magnitudes of chemical 
shifts of these energies can assist in the identification of chemical state.  
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2.2.5 X-ray Absorption Spectroscopy (XAS) EXAFS/XANES 
To obtain information of the oxidation states and local environment of the bulk materials, XPS 
cannot be used. As an alternative method, X-ray absorption can provide this information. X-ray 
absorption techniques are very powerful to study local structures, but they require high energy 
radiation which usually is generated at synchrotrons. Electrons from different shells are excited by 
absorbing X-rays but also intershell transitions occur. Exciting electrons from the inner K shell 
requires much more energy (almost 9 keV for Cu) than from the L shell ( 1 keV) which 
corresponds to the 2s and 2p electrons. Atoms give rise to characteristic X-ray absorption spectra 
depending on the local environment as explained for XPS analysis. For the XAS measurements, the 
the X-ray energy is increased steadily. Only after the energy is sufficiently high to eject an inner 
electron, the absorption increases rapidly. For non-centrosymmetric atom coordinations, the 
otherwise forbidden 1s to 3d transition can occur at slightly lower energies, which is visible in the 
spectra from the pre-edge peak (Figure 2-5). 
 
 
Figure 2-5. Typical XAS spectrum defining the XANES and EXAFS regions and showing key spectroscopic features.264 
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Figure 2-5 shows a typical XAS K edge spectrum with the X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS). From both regions, different 
information can be obtained. In XANES spectra, inner shell transitions become visible. In Figure 
2-5 for example, the pre-edge is caused by the 1s → 3d transition in Cr, and the edge arises from 
the 1s → 4p transition. The edge position therefore depends on the oxidation state of the investigated 
element, the surrounding ligands and the symmetry. If the atom has a higher oxidation state or less 
electron density than the neutral element, the electrons more strongly bound to the nucleus and 
therefore more energy is needed to ionize them, shifting the edge to the right. At higher energies 
compared to the edge, the EXAFS region starts in which the absorption with increasing energy over 
a wide range is measured. This provides information about the local structure around the 
investigated atom and the bond lengths. When electrons get ejected, their wave properties interact 
with neighbouring atoms which then act as secondary scattering sources. Depending on constructive 
or destructive interference of this scattering, peaks or valleys of absorption are measured. From the 
periodicity of the EXAFS curve, the bond length can be determined due to the proportionality with 
the X-ray wavenumber and the intensity of this curve provides information about the neighbouring 
atoms.265 By Fourier transformations the FT|k3(k)|spectra are obtained and then fitted with possible 
scattering paths, leading to interatomic distances, atomic coordination number (N) and Debye-
Waller factors (2) which correlate with the disorder of the material. 
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2.3 Water Oxidation 
2.3.1 Photocatalytic Water Oxidation 
An overview of photocatalytic water oxidation was already given in chapter. However, in this 
chapter, the focus is placed on the applied method, the Ru(bpy)32+ /S2O82- (bpy=2,2’-bipyridine) 
approach with heterogeneous water oxidation catalysts. Ru(bpy)33+ is often used as primary oxidant 
for the water oxidation reaction due to its high quantum yield of photogeneration and a wide range 
of reduction potentials which can be adjusted by ring substitutions and also as a one-electron 
oxidant. The primary oxidant Ru(bpy)33+ is generated in situ by light-driven excitation and 
subsequent quenching of the photoexcited state Ru(bpy)32+*. For this oxidation, a sacrificial electron 
acceptor is used – in this case Na2S2O8 or S2O82-. 
 
 
Figure 2-6. Scheme of photocatalytic water oxidation with the Ru(bpy)32+/S2O82- assay and spinel type Co3O4 as WOC. 
The scheme of these reactions is depicted in Figure 2-6. Ru(bpy)32+ is excited by visible light, 
therefore being easily oxidized to Ru(bpy)33+ by S2O82- forming a sulfate ion and a sulfate radical 
by dissociative electron transfer. This radical is also a strong oxidant and can either oxidize another 
Ru(bpy)32+* but also the WOC directly, wherefore the concentration of the photosensitizer has to be 
considerable higher than the concentration of the WOC to ensure the preferential oxidation of the 
photosensitizer. The so-generated Ru(bpy)33+ then oxidizes the WOC in four consecutive electron 
transfer steps which thereby oxidizes water to oxygen.32,48 
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Besides reagent concentrations, other parameters like light source, pH and buffer play an important 
role. The pH-dependence can be clearly seen from Figure 1-14 by the removal of an H+ by OH- 
forming water and the generation of H+, which gives rise to the need for a buffer. Various buffer 
solutions have been studied, e.g. by Mallouk et al., who found Na2SiF6-base buffers to improve the 
turnover number of IrO2 catalyst whereas phosphate-borate buffers increase the effect of 
photosensitizer degradation.266 However, Na2SiF6 works for slightly acidic solutions and is poorly 
soluble, therefore phosphate and borate buffers are still frequently used.266,267 In this thesis, borate 
buffer was always used since the phosphate buffer was found to coordinate to the WOC and to 




Figure 2-7. Decomposition of the photosensitizer: after the attack of a hydroxide anion to a bipyridine, the molecule 
undergoes further oxidations which can be performed either by another molecule of Ru(bpy)33+ or by S2O82−.268 
 
A major drawback of this method is the instability and decomposition of the photosensitizer in 
neutral to basic solutions according to Figure 2-7. The -carbon of a pyridine ligand gets attacked 
by a hydroxide anion which then undergoes further oxidation reactions with either Ru(bpy)33+ or 
S2O82− as was already described in 1984 by Gosh et al.269 This problem becomes less relevant if the 
catalyst kinetics are slow and the water oxidation to oxygen is the rate limiting step. If, however, 
the catalysts are fast enough and the electron transfer from WOC to photosensitizer becomes the 
rate determining step, Ru(bpy)33+ builds up and can therefore decompose to a higher extent.268 
Another decomposition pathway is induced by light. Not only Ru(bpy)32+ but also Ru(bpy)33+ 
becomes photoexcited and can then produce Ru μ-oxo dimers via decomposition of an intermediate 
formed by a reaction with S2O82−. These dimers are still active but if they oligomerize they become 
inactive.270  Overall, the Ru(bpy)32+ /S2O82- approach is a quite complex one compared to e.g. 
chemical oxidation with CAN (discussed in the next chapter) due to the interplay of WOC, 
photosensitizer, electron acceptor and also buffer and light. 
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2.3.2 Chemical Water Oxidation 
The most straightforward (dark) water oxidation test method is the chemical oxidation using CAN 
as already introduced in chapter 1.1.2.2. This method was also applied in the course of this thesis. 
The measurements were conducted in a two-necked round bottom flask equipped with a 
luminescent dissolved oxygen (LDO) sensor directly measuring the oxygen concentration of the 
previously degassed solution. The exposure of the solution to atmospheric oxygen is prevented by 
an Ar stream during the addition of the WOC. After the addition of WOC to the solution, the 
sacrificial oxidant CAN with a sufficient redox potential (1.7 V vs NHE) can oxidize the catalyst 
which then oxidizes water to O2 in four consecutive steps, since CAN is a one-electron oxidant. 
Like with the ruthenium photosensitizer in the photocatalytic protocol, there are as well drawbacks 
with the CAN system: upon reduction from CeIV to CeIII insoluble cerium oxide can be formed with 
increasing pH, therefore the CAN method can only be applied in very acidic pH regions.82,271 Also 
its high reduction potential of 1.75 V vs. NHE at the commonly used pH region of 0.9 can be 
considered as a drawback since the resulting high overpotential not only successfully drives the 
water oxidation but it also makes side reactions more likely to occur.82 Finally, the systems using 
sacrificial reagents, such as the photocatalytic system described above, are of course only an 
approximation of the final version water oxidation device and even if they can give a good 
indication of functionality, their limitations as model systems have to be kept in mind. 
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2.3.3 Electrocatalytic Water Oxidation 
In this chapter, the electrochemical measurement techniques applied in this thesis are introduced. 
Before measurements, the catalyst has to be immobilized on a conductive electrode surface. 
Generally, the WOC was dispersed in water, drop-casted on fluorine-doped tin oxide (FTO) and 
fixated with Nafion after drying. The measurements were carried out in a standard three-electrode 
setup with Pt as counter and Ag/AgCl as reference electrode. Both electrode types were recently 
under discussion due to possible stability issues.272,273 However, the applicability of the counter – 
and reference electrodes depend on the applied conditions as well as on the scope of the study. Pt 
dissolution is an issue in acidic conditions, whereas in basic conditions the effect is much smaller.274 
Furthermore, Pt is not quite active for water oxidation in the potential range which is usually applied 
as shown in chapter 4.4.2. In addition to the fact that Ag/AgCl is still used as reference electrode 
also in basic media, we showed with control experiments its applicability for comparison studies 
(chapter 4.4.2).275–277  
 The first measurement technique applied was cyclic voltammetry (CV). In CV, the potential against 
the reference electrode is swept back and forth between fixed potentials in defined steps and the 
current is measured. If the applied potential plus the necessary overpotential correspond to a redox 
potential of the catalyst, a peak can be observed and if the redox potential of water oxidation is 
reached, oxygen is formed and the current increases significantly. The overpotential is the potential 
which has to be applied additionally to the thermodynamically necessary potential due to the 
resistance and mass-transport limitations in an electrocatalytic cell.278 Since the system conditions 
are kept constant, the overpotential is then a feature of the working electrode and therefore the 
catalyst attached to it. In that respect, the Tafel equation, which relates the rate of an electrochemical 
reaction to the overpotential, provided an important benchmarking method.279 The rate is 
represented by the current density j, to which the overpotential  is logarithmically related as 
 = 𝑎 + 𝑏 log (𝑗)    (12) 
The Tafel slope b relates to the mechanisms on the electrode surface. A high Tafel slope b indicates 
that the overpotential has to be increased drastically to increase the reaction rate by a factor of ten. 
Therefore, a small b and a high so-called exchange current density j0 at  = 0 are desirable for a 
catalyst. For the comparison of exchange current density, the number of active sites is an important 
factor. Therefore often the overpotential required to obtain a certain current density, like 1 or 10 
















Figure 2-8. (a) OER polarization curves scan rate of 5 mV s −1 (b) corresponding OER Tafel plots of Co(OH)2 and Co3O4 
on nickel foam (NF).281 
The other technique applied in this thesis is chronoamperometry. Here, the potential is fixed or 
stepwise adjusted and the current is measured as a function of time. The fixation of the potential 
allows for stability monitoring of the electrode since the current also should be constant for a stable 
electrode. The stepwise increase allows for the activity determination as in CV, but the diffusion 
current is circumvented, and the Faradaic current can be determined for sufficiently long holding 
times. 
Generally, electrocatalytic water oxidation is a complex reaction regarding the mechanism and 
pathways, which can change for different surface structures.282 If the thickness or structure of oxides 
with identical composition show some differences, this can already be enough to exhibit different 
electro-kinetic profiles, thus rendering the development and testing of electrocatalysts a challenging 
task.280 Another important finding that has to be considered for electrocatalytic assessment of 
WOCs besides stability and synthetic history of the catalyst is the reversible formation of a thin 
amorphous surface layer, as found for Co3O4 by Dau et al.283
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3 Preparative History vs Driving Force in Water 
Oxidation Catalysis: Parameter Space Studies of 
Cobalt Spinels 
 
This chapter is based on the following publication:  
Preparative History vs Driving Force in Water Oxidation Catalysis: Parameter Space Studies of 
Cobalt Spinels, Karla Lienau, Lukas Reith, C. A. Triana, Sebastian Siol, and Greta R. Patzke, ACS 
Omega 2019, 4, 15444−15456.284 
Author Contributions: Lukas Reith performed the hydrothermal, precipitation method, thermal 
decomposition and molten salt syntheses as well as nitrogen sorption measurements, Raman and 
PXRD characterization and TEM imaging of some samples. Furthermore, he carried out the 
photocatalytic measurements. C. A. Triana evaluated the XAS data measured by S. Esmael Balaghi. 
Sebastian Siol performed and analysed XPS measurements of selected samples.  
3.1 Introduction 
As mentioned in chapter 1.1.2.1 development of stable, economic and efficient water oxidation 
catalysts is a major goal. However, it is still under investigation, which parameters are decisive for 
high water oxidation activity in heterogeneous catalysis. Furthermore the problem of predictivity 
of synthetic protocols is still a limiting factor,  so that frequently no exact control of crucial 
parameters like crystallinity, defects, surface area and exposed planes or even structural motifs is 
possible.285–288 Another problem is that the key parameters required for optimal performance in turn 
can often depend on the catalytic test method.82,91,289 Few systematic studies to date shed light on 
these essential foundations of catalyst production, and in the following we discuss them for Co3O4 
as a binary WOC model system. 
In chapter 1.2.3, the investigations on spinel-type Co3O4 as abundant, low-cost and robust 
alternatives to the “gold standard WOCs” containing noble metals, i.e. Ru, Pt, and Ir, were 
discussed. Furthermore, Co3O4 attracts intense research interest in a wide range of other 
applications, e.g. in battery electrodes, sensors, data storage, as well as general heterogeneous 
catalysis as briefly mentioned in chapter 1.2.1.290–296 Therefore, considerable attempts have been 
made to improve the moderate oxygen evolution reaction (OER) performance of pristine Co3O4, 
which is attributed to poor conductivity and a low number of exposed surface active sites, by 
adjusting a diverse range of performance parameters, such as crystallinity, oxidation states, surface 
area and particle/crystallite size, defects, crystal structure and morphology.39,71,76,283,297–310 The 
crystallinity is clearly an important factor but how exactly it affects the performance is still under 
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investigation. Whereas some studies studies claim that higher crystallinity improves the WOC 
activity, others came to the conclusion that amorphous catalysts perform better.70,71,283,311 A very 
interesting work of Dau, Strasser et al. even show reversible amorphization of the Co3O4 
electrocatalyst during water oxidation.283 Furthermore, the results on the impact of oxidation state, 
i.e. the Co2+/Co3+ ratio, in literature are sometimes contradictory.298,299 For surface and/or particle 
size, however, the trend is towards the smaller the particle size, the better the performance. For 
quantum dots it was shown that in addition to the increased surface area and therefore the higher 
number of exposed catalytic sites, also the intrinsic electroactivity could be improved due to 
quantum confinement.76,300,305 Recently, defects, especially oxygen vacancies but also cobalt 
defects, were shown to create reactive sites in catalysts, improving the activity compared to the 
corresponding bulk material considerably. These defects, which can be generated post-synthetically 
e.g. by plasma engraving, but also by simple annealing at different temperatures and atmospheres, 
have a great influence on the interaction between the reactants and the catalyst surface. But not only 
exposed sites were influenced by the defective structures but also the electronic conductivity was 
improved.301,308–310 Regarding the crystal structure, the discussions are quite similar to the 
discussions on the oxidation states mentioned above. Higher activity attributed to certain crystal 
planes is mainly explained by the amount of exposed Co2+/Co3+ sites, but diverse opinions are 
represented in literature. For example, it was shown that the {100} crystal planes are inferior 
compared to {110} and {112} regarding the WOC activity due to their Co2+-Co2+ sites.  However, 
many studies support the responsibility of Co3+ for higher activity, thereby supporting the proposed 
mechanism of Heinz Frei described in chapter 1.2.3 and shown in Figure 1-14.39,302,303 
With the aim to influence the aforementioned performance parameters, a wide range of different 
synthetic methods have been applied in the course of various independent roads to Co3O4, including 
molten salt, ball milling, sol-gel, thermal decomposition, precipitation and classic or microwave 
hydrothermal synthesis.154,312–320 However, the impact of the various preparations on the catalytic 
efficiency of Co3O4 in different assays has not been evaluated coherently to date. Generally, 
deriving clear synthesis-activity trends from comparisons between different studies remains 
difficult due to the underlying variations in the obtained materials properties.321–323 To facilitate 
forthcoming synthesis planning for WOCs, (a) studies on coherent synthesis-properties 
relationships are required which are (b) correlated with the results for the most important catalytic 
tests for water oxidation performance. The three most common routine tests are: (1) photochemical 
oxidation through the use of the well-established [Ru(bpy)3]2+/S2O82-/visible light assay (chapter 
1.1.2.1, Figure 2-6), (2) chemical oxidation typically performed with ceric ammonium nitrate 
(CAN) (chapter 1.1.2.2),  and (3) electrochemical methods (chapter 1.1.2.3). To date, however, 
studies presenting critical comparisons between two or more catalytic test results for a given WOC 
remain quite rare, and activity trends for one assessment method were often implicitly assumed to 
be valid for another. Only in 2015, a pioneering study by S. S. Stahl et al. provided the first critical 
assessment of the influence of the employed oxidation method for different manganese oxides and 
demonstrated that the “best catalyst” indeed depends on the selected oxidation method.91 
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We here developed this methodological approach further by selecting one target material, namely 
spinel-type cobalt oxide WOC, and first applying a spectrum of synthetic methods that can be 
roughly classified in high and low temperature methods. Next, the influence of these preparative 
routes on the WOC activity was specifically assessed with the three aforementioned catalytic test 
methods. The emerging synthesis-activity trends were then substantiated with thorough 
characterizations of the different Co3O4 materials with a wide analytical repertoire, including 
diffraction, spectroscopy, and microscopy techniques. This three-step strategy provides insight into 
the correlations between the preparative history of Co3O4 specimens and their emerging materials 
properties with the resulting catalytic performance in different test setups. Our results provide 
highly sought-after comprehensive guidelines for selecting the best preparative approach for a given 
water oxidation catalysis route
 Preparative History vs Driving Force in Water Oxidation Catalysis 
55 
 
3.2 Aims of the project and principal outcomes  
As mentioned above, spinel-type Co3O4 is amongst the most promising materials for water 
oxidation, due to its low cost and robustness. However, Co3O4 can be prepared by a variety of 
different methods and therefore, we synthesized cobalt oxide with 9 different well-established 
synthesis strategies. The cobalt oxides were characterized by a number of analytical methods, 
including XAS, XPS, PXRD, Raman, BET, and TEM to investigate their influence towards 
materials properties and efficient catalysis. Furthermore, in literature water oxidation catalysts are 
routinely tested by only one of the three typical oxidation methods: photocatalytically, 
electrocatalytically or by chemical oxidation. Hence, we also evaluate the synthesized Co3O4 with 
the three oxidation methods, resulting in diverging trends for each oxidation method. The 
importance of the surface area, the increase in disorder and the decrease in oxidation states of the 
material for superior catalytic activity was found specifically for chemical oxidation. These 
properties were found for samples synthesized at lower temperatures (≤ 180 °). For photocatalytic 
water oxidation the correlation was not as clear but in general, also the samples synthesized at lower 
temperature were more active. In electrocatalysis, no such trend was found and all samples showed 
similar activity towards water oxidation. Therefore, we illustrate the importance of preparative 
methods for catalytic materials as well as the major influence of the applied oxidation method. 
  




Syntheses and measurements are marked with * if completely or with (*) if partially carried out by 
Lukas Reith. XAS measurements were performed by S. Esmael Balaghi and Wenchao Wan and 
analysed by Dr. Carlos A. Triana (). XPS spectra were measured and evaluated by Sebastian Siol 
(). 
3.3.1 Synthetic Procedures 
In order to obtain a broad range of different samples, spinel-type Co3O4 was synthesized by nine 
different methods: 
 
Figure 3-1. Different synthesis methods were applied to produce spinel-type Co3O4 (Figure adapted from ref 284). 
*Hydrothermal synthesis (HT-A).318 For the hydrothermal synthesis, 0.24 g urea (4 mmol) and 
0.2328 g Co(NO3)2∙6H2O (0.82 mmol) were dissolved in 10 mL of H2O2 (30 wt%) solution under 
vigorous stirring. The homogeneous reaction solution was transferred to a 15 mL 
polytetrafluoroethylene(PTFE)-lined stainless steel autoclave and heated to 150 °C (4.5 C° min-1). 
The holding temperature was maintained for 3 h. The autoclaves were cooled down rapidly under 
cold running water (10 °C) for 8 min. The black precipitate was purified by 
centrifugation/resuspension (5000 rpm, 8 min, 2 x H2O and 2 x EtOH) and dried at 78 °C for 16 h 
in air. 
*Alternative hydrothermal synthesis (HT-B).324 The alternative hydrothermal synthesis was 
carried out according to the following procedure: 291 mg Co(NO3)2∙6H2O (1 mmol) and 42.5 mg 
NaNO3 (0.5 mmol) were solved in 15 mL H2O. After 10 min of stirring, 15 mL of an NH3 (25 %) 
solution was slowly added and after 10 more minutes of stirring 1.5 mL H2O2 (30 wt%) solution 
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was added. The reaction solution was transferred to a 15 mL PTFE-lined stainless-steel autoclave 
and heated to 140 °C (4.5 C° min-1). The holding temperature was maintained for 6 h and then 
cooled to room temperature naturally. The black precipitate was purified by 
centrifugation/resuspension (5000 rpm, 8 min, 2 x H2O and 2 x EtOH) and dried at 78 °C for 16 h 
in air. 
Microwave hydrothermal synthesis (MW-A). For the microwave hydrothermal synthesis of 
Co3O4, 1.8 mmol of Co(NO3)2∙6H2O was dissolved in 15 mL H2O and the pH was adjusted to 11 
with NH3 (25 %) solution. The resulting dispersion was filled into a 50 mL Teflon liner, which can 
be closed and fixed inside a frame before introducing into the microwave. Reactions were carried 
out in a MARS5 microwave (CEM cooperation). The synthesis was conducted by controlling the 
temperature; 30 min ramping to 180°C and then holding this temperature for 60 min under constant 
stirring. The temperature and pressure were measured from the reference vessel, which was 
equipped with appropriate sensors. After letting the dispersions cool down to room temperature, the 
product was separated by centrifugation and washed with H2O.  
Microwave alternative hydrothermal synthesis (MW-B). 100 mM Co(NO3)2∙6H2O and 50 mM 
NaNO3 were dissolved in 5 mL H2O. 5 mL NH3 (25 %) solution and 0.5 mL H2O2 (32 wt-%) was 
added before sealing the solution in the corresponding vessels as described in the above section. 
The reaction was carried out at 140°C for 1 h after 30 min of ramping time. 
*Mild oxidative synthesis/Precipitation method (PM).317 The nitrate-salt-mediated precipitation 
method was carried out according to a previously reported procedure. NaNO3 (15 g, 176 mmol) was 
added to a 50 mL two-necked round-bottom flask, equipped with a water-cooled reflux condenser 
containing 25 mL NaOH solution (0.3 M). The reaction mixture was heated to 95 °C and an aqueous 
solution of Co(NO3)2 (5.0 mL, 1.0 M) was added within 1 min which led to instantaneous 
precipitation. Throughout the precipitation and aging period, the reaction mixture was stirred 
vigorously and purged with air, while keeping the temperature at a constant 95 °C for 16 h. 
Afterward, the suspension was cooled to room temperature naturally under ambient conditions. The 
black precipitate was purified by centrifugation/resuspension (5000 rpm, 8 min, 2 x HCl (2 M), 1 x 
H2O and 1 x EtOH) and dried at 78 °C for 16 h in air. 
*Thermal decomposition (TD). For the synthesis of Co3O4 through thermal decomposition 
Co(NO3)2∙6H2O was added to a crucible, heated in a muffle furnace to 450 °C (4.5 °C/min) and 
kept at this temperature for 3 hours. Afterwards, the product was cooled down to room temperature. 
Ball milling and thermal decomposition (BM). Co(NO3)2∙6H2O was ground in a planetary ball 
mill (Retsch) at a speed of 500 rpm for 2 h. The ball-milled powder was calcined in air at 450 °C 
for 1 h to obtain larger Co3O4 nanoparticles.  
Sol-Gel (SG).325 A variation of the sol-gel method from the Pechini method249 was applied: 1.8 
mmol of Co(NO3)2∙6H2O and 2.7 mmol of citric acid were dissolved in 25 mL H2O. The solution 
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was heated up slowly while stirring until a gel was formed. It was heated up to 400 °C for 1h, then 
transferred into a ceramic crucible and heated to 700 °C for 10 h yielding Co3O4.  
*Molten salt method (MS).312 Co(NO3)2∙6H2O (0.291 g,1 mmol) was mixed with LiNO3 (6.895 g, 
100 mmol), ground and transferred to an alumina crucible. The crucible was put into a muffle 
furnace, heated to 400 °C (12.6 °C/min) and kept at this temperature for 30 min. Afterward, the 
mixture cooled to room temperature naturally and was washed (2 x H2O and 1 x EtOH) and dried 
at 78 °C for 16 h in air. 
3.3.2 Catalytic Measurements 
The three above-mentioned water oxidation test protocols (chapter 2.3) were performed for each 
sample to not only compare the catalysts amongst each other, but also to compare the influence of 
the catalytic test methods. 
 
Figure 3-2. Photocatalytic measurement setup with LED, closed vial and inserted LDO. 
*Photocatalytic tests. Photocatalytic water oxidation tests were performed using a standard 
[Ru(bpy)3]2+/S2O82- protocol.165 Photocatalytic reaction suspensions were handled in a dark environment 
while shielded from light. According to the protocol introduced in chapter 2.3.1, Co3O4 photocatalyst 
(2.00 mg, 8.3 mmol), Na2S2O8 sacrificial electron acceptor (9.5 mg, 5 mM), and [Ru(bpy)3]Cl2・6H2O 
photosensitizer (6.0 mg, 1 mM) were mixed with borate buffer (8 mL, 80 mM, pH 8.5) in a 10 mL 
headspace glass vial. The glass vial was subsequently sealed gastight with a rubber septum (PTFE) and 
an aluminium crimp cap and sonicated for 3 min. To remove all the oxygen before starting the test, the 
suspension was degassed through purging with helium (purity 5.0) for 10 min. Afterward, the catalytic 
suspension was illuminated with a 460 nm high flux light-emitting diode (LED) (26.1 mW cm-2, 
Rhopoint Component LTD) under constant stirring (1200 rpm) for 25 min. For evaluating the amount 
of evolved oxygen a 100 µL gas sample was taken from the headspace with a gastight microliter syringe 
(Hamilton-1825RN) and injected into the gas chromatograph (GC). GC measurements were recorded 
with an Agilent Technologies 7820A equipped with a thermal conductivity detector (TCD) and a 
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30 m×0.53 mm packed HP molecular sieve column with a 50.0 µm film and He carrier gas (purity 
6.0).  
 A previously determined linear GC calibration curve was used to quantify the oxygen evolution 
(air contamination was corrected). The error for the O2 yield was determined by the standard 
deviation of minimum three photocatalytic tests for each sample.  
Chemical water oxidation.  The standard CAN method was used to evaluate the chemical water 
oxidation activity of the catalysts.82 With a standard potential of about 1.7 V vs NHE, CAN is a 
suitable one-electron oxidant to promote the water oxidation. CAN (2 g) was dissolved in milli-Q 
water (40 mL) and the solution was degassed with argon. The respective catalysts (2 mg each) were 
added and the oxygen evolution was recorded by a luminescent dissolved oxygen sensor (LDO) in 
the stirred solution for about 45 min. The highest obtained value was used for the evaluation. A 
Hach HQ40d multimeter with LDO 101 sensor was used for oxygen determination. 
 
Electrocatalytic tests. Electrocatalytic measurements were carried out in 1 M KOH, using an 
Ag/AgCl reference- and a Pt counter electrode. First, cyclic voltammetry cycles from 0-0.7 V vs. 
reference with 0.005 mV step size were measured, prior to conducting chronoamperometry. For 
comparison, only the second cycle was considered at the data evaluation. The potential was stepwise 
increased starting from 0.45 V to 0.65 V in 0.01 V steps and held for 5 min each to eliminate 
diffusion currents. The stabilized current after 5 min was used for further evaluation. After the steps, 
a potential of 0.6 V vs. reference electrode was applied for 2 h for stability tests. Electrochemical 
measurements were carried out with a Bio-Logic SAS SP-150 potentiostat. As reference electrode, 
an Aldrich® glass reference electrode Ag/AgCl with 3 M KCl and as counter electrode, a Pt-foil 
were used. The working electrodes were produced by dispersing 2 mg of the catalyst in 100 µL 
H2O, applying 40 µL of this dispersion on 1 cm2 FTO, and drying the electrodes at 80°C for 30 min 
before covering with 10 µL of Nafion 1%-solution. 
3.3.3 Materials and Methods  
Ultrapure H2O (18.2 MΩ) was generally used for synthesis (Merck, Milli-Q Type 1 Ultrapure 
Water Systems). All chemicals and solvents were purchased from commercial suppliers: CoO 
(Aldrich, 99.99% metals basis), LiCoO2 (Alfa Aesar, 99.5% metals basis), Co(NO3)2・6H2O 
(Sigma-Aldrich, 99.999% trace metal basis), [Ru(bpy)3]Cl2・6H2O (Sigma–Aldrich, 99.95 %), 
Na2S2O8 (Sigma–Aldrich, 99.0 %), H2O2 30 wt.% in H2O (Sigma–Aldrich, ACS reagent), urea 
(Sigma-Aldrich, 98 %), NaNO3 (Sigma-Aldrich, ≥99.0 %), NaOH (Acros Organics, 97+%), LiNO3 
(Sigma-Aldrich, ReagentPlus®), ammonia solution 25 % (Merck, for analysis), ethanol (VWR 
Chemicals, absolute). NH3 (Merck, for analysis), citric acid (Merck, anhydrous for synthesis), KOH 
(Honeywell, pellets, extra pure), HCl (Fluka Analytical), Nafion perfluorinated resin solution 5 
wt.% in a mixture of lower aliphatic alcohols and water (Sigma-Aldrich). 
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(*)Powder X-ray diffraction (PXRD) patterns were recorded with a STOE STADI P 
diffractometer in transmission mode (flat-plate sample holder, Ge monochromator, and MoKα1 
radiation) using a position-sensitive microstrip solid-state detector (MYTHEN 1K).  
*Raman spectroscopy was performed with a Renishaw inVia Qontor confocal Raman microscope 
equipped with a diode laser (785 nm).  
*Nitrogen sorption isotherms were recorded with a Quantachrome Quadrasorb SI porosimeter at 
77 K after degassing at 100 °C for 20 h under vacuum. The Brunauer-Emmet-Teller (BET) model 
was applied for adsorption branch points (0.05>p/p0<0.3) to calculate the apparent surface area.  
(*)Transmission electron microscopy (TEM) images were taken with a JEOL JEM-1400 Plus 
equipped with a JEOL CCD camera Ruby (8 M pixel) and a LaB6 crystal as an emitter (120 kV).  
X-ray absorption spectroscopy XANES and EXAFS at the Co K-edge on solid powder samples 
dispersed in cellulose of the synthesized Co3O4 oxides and reference samples CoIIO, LiCoIIIO2 were 
carried out at the European Synchrotron Radiation Facility (ESRF), Swiss-Norwegian Beamline 
BM31, Grenoble-France. The storage ring was run in top-up mode (average current 40 mA). The 
X-ray beam was collimated using a Si coated mirror and energy was scanned using a double crystal 
Si[111] monochromator. Measurements were performed at room temperature using a three-
ionization chamber configuration in transmission mode using a 13-element Ge detector. For energy 
calibrations, spectra of a metal Co foil were measured simultaneously at the second ionization 
chamber. The measured EXAFS spectra k3(k) were extracted by data reduction, absorption edge 
energy calibration and background subtraction as realized in ATHENA. The spectra were reduced 
in the range Δk ≈ 3-14 Å-1 and Fourier transformed to FT|k3(k)| into the real-space interval of ΔR 
≈ 0-6 Å. To calculate main values for interatomic distances, coordination numbers, and Debye-
Waller factors σ2 nonlinear least-squares fitting of the experimental FT|k3(k)| spectra was carried 
out by ARTEMIS using atomic clusters of Co3O4 (ICSD code 27498), generated by ATOMS as 
implemented in IFEFFIT.326 The amplitudes and phases shift for single and multiple scattering paths 
were calculated using FEFF6.327 
X-ray photoelectron spectroscopy (XPS) was conducted using a Physical Electronics (PHI) 
Quantum 2000 spectrometer featuring monochromatic Al-Kα radiation, generated from an electron 
beam operated at 15 kV and 35.8 W. The energy scale of the instrument was calibrated using Au 
and Cu reference samples. The analysis was conducted at 10-8 mbar, with an electron take off angle 
of 45° and a pass-energy of 23.5 eV for all samples. Charge compensation during the measurement 
was achieved using a low energy electron source. The acquired spectra were then aligned using the 
main (C-C) component of the C1s core level emission. The modified Auger parameter was 
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3.4 Results & Discussion 
3.4.1 Characterization of the Co3O4 materials emerging from different synthetic methods 
Raman and PXRD measurements were mainly performed by Lukas Reith. XAS measurements were 
performed by S. Esmael Balaghi and Wenchao Wan and analysed by Dr. Carlos A. Triana. XPS 
spectra were measured and evaluated by Sebastian Siol. 
The materials properties were investigated with a set of different methods to characterize them 
extensively. PXRD patterns revealed obvious differences between the samples (Figure 3-3). 
Whereas some samples show peak broadening, indicating smaller crystallite size as described in 
chapter 2.2.1, others exhibit very clear and sharp peaks pointing towards larger particles of higher 
crystallinity. This correlation described before is defined by the Scherrer equation (formula (9)) and 
the calculated particle sizes are shown in a values for smaller particles. 
Table 3-1.255,256 It should be noted that the instrumental broadening becomes the limiting factor for 
calculations of very narrow full width at half maximum (FWHM) values and therefore large 
crystallite domain sizes.  
 
Figure 3-3. PXRD patterns of spinel Co3O4 synthesized by different methods (Figure created by Lukas Reith). 
As expected, the cobalt oxides synthesized at higher temperatures (≥ 400 °C), namely SG, MS, BM, 
and TD, display a high crystallite domain size from ≈ 91 nm (SG) and up to ≈ 141 nm (MS). The 
cobalt oxide samples obtained at lower temperature (≤ 180 °C), i.e. MW-A, MW-B, HT-B, and -
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PM show a much lower crystallite domain size with values below ≈ 25 nm (PM) and down to ≈ 7 
nm (MW-A). HT-A is the only exception to this trend with a higher XRD of ≈ 96 nm. Apart from 
that, all Bragg reflections are in agreement with the given reference (PDF Card No.: 01-080-1544) 
indicating phase purity of the synthesized spinel-type Co3O4 (space group Fd3 ̅m (No.: 227)) for all 
samples. In the normal spinel structure, the O2- anions form a cubic close-packed lattice, where 
octahedral and tetrahedral sites are occupied by the Co3+ and Co2+ cations, respectively as discussed 
before in chapter 1.2.1. To determine the surface area, BET measurements were performed. The 
surface area measurement by N2-sorption is described in more detail in chapter 2.2.2. The obtained 
values are given in a values for smaller particles. 
Table 3-1 and are in good agreement with the calculated crystallite sizes  from Scherrer equation, 
showing larger surface area values for smaller particles. 
Table 3-1 Specific surface area of the synthesized cobalt oxides determined from the Brunauer-Emmet-Teller (BET) 
model and the crystallite domain size DXRD, calculated from the Scherrer equation. 
 MW-A MW-B HT-A HT-B PM SG MS BM TD 
BET 
[m2/g] 
99 146 18 203 42 28 2 8 11 
XRD 
[nm] 
7.3 ±0.1 11.3 ±0.3 97 ±14 8.1 ±1.3 25 ±2.0 91 ±27 
141 
±20 
126 ±35 108 ±28 
 
TEM images of all samples were recorded and are shown in Figure 3-4. It can be clearly seen that 
the synthetic protocol has a major influence on the resulting morphologies. In Figure 3-4 (a), 
samples synthesized by the fist microwave hydrothermal synthesis, MW-A, are depicted. Compared 
to another microwave hydrothermal synthesis, MW-B, the particles are a slightly larger, in the range 
of 10-20 nm and mainly show a cubic shape. The shape of the MW-B Co3O4 particles is not clearly 
visible as they seem to agglomerate even stronger, but it is less defined than for MW-A and the 
smaller particle size is clearly visible. Figure 3-4 (c) shows much larger particles of different shapes, 
which were synthesized similarly to MW-A Co3O4 but with conventional hydrothermalsynthesis. 
The TEM image of the other hydrothermal synthesis, HT-B, which has a similar protocol like MW-
B, shows the smallest particle size and a strong agglomeration. The most separated particles are the 
ones synthesized by the precipitation method, resulting in Co3O4-particles of about 50 nm and 
without a clear shape. The sol-gel synthesis yielded in much larger particles of 100 nm up to 400 
nm, which are highly agglomerated (Figure 3-4 (f)). Similar size but more cubic shape was obtained 
by the particles synthesized from molten salt synthesis (Figure 3-4(g)). The Co3O4 samples 
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synthesized by thermal decomposition (Figure 3-4 (i)) and especially the ones prepared by ball 
milling followed by thermal decomposition (Figure 3-4 (h)) show elongated nanoparticles with an 
average size distribution around 50 nm. These findings more or less match with the measured BET 
and calculated crystallite size  (a values for smaller particles. 
Table 3-1).  
No clear size-temperature correlation can be found but in general, the samples synthesized at lower 
temperatures, so MW-A, MW-B, HT-A, HT-B and PM exhibit smaller particle size compared 
samples synthesized at higher temperature 
 
Figure 3-4. TEM images of Co3O4 samples prepared by different synthesis methods: (a) MW-A, (b) MW-B, (c) HT-A, 
(d) HT-B, (e) PM, (f) SG, (g) MS, (h) BM, (i) TD (Figure created by Lukas Reith). 




Figure 3-5. Raman spectra of the synthesized spinel cobalt oxides (Figure created by Lukas Reith). 
Raman spectra of all synthesized cobalt oxides are shown in Figure 3-5. Group theory predicts five 
Raman active vibrational modes for Co3O4, consisting of A1g, Eg and three F2g modes.328 These five 
main phonon excitations were observed for all spectra and match well with theoretical and 
experimental reports on spinel type cobalt oxide.329,330 The symmetric Co3+-O stretching vibration 
of octahedrally coordinated CoO6 is attributed to A1g in O7h symmetry and is assigned to the most 
intense band at ≈ 690 cm-1. The medium/low intensity bands at ≈ 620 cm-1, ≈ 520 cm-1, and ≈ 480 
cm-1 correspond to F12g, F22g, and Eg symmetry, respectively. The band at ≈ 190 cm-1 arises from 
tetrahedrally coordinated Co2+O4 units with F32g symmetry. These results further confirm the 
formation of phase pure cubic spinel Co3O4 from all applied synthesis methods.  
Generally, narrow and intense Raman-active modes are characteristic for well-ordered structures. 
In the present system, the oxides emerging from low temperature methods (MW-A, MW-B, HT-B, 
PM) exhibit Raman peaks shifted toward higher-frequency values, displaying lower intensity and 
peak-broadening (see Table 3-2), with respect to the oxide samples obtained at higher temperatures 
(SG, MS, BM, TD). This result indicates a decrease in the long-range order of oxides synthesized 
at low temperature (MW-A, MW-B, HT-B, PM). This result agrees with the low intensity and peak 
broadening observed in the corresponding PXRD patterns (MW-A, MW-B, HT-B, P) (Figure 
3-3).331 
  
 Preparative History vs Driving Force in Water Oxidation Catalysis 
65 
 
Table 3-2 Line positions and full width at half maximum (FWHM) for Raman modes A1g and F32g of spinel-type 




 Raman shift [cm
-1] FWHM [cm-1] Raman shift [cm-1] FWHM [cm-1] 
MW-A 687.8 13.3 193.4 8.8 
MW-B 684.0 19.6 192.0 16.2 
HT-A 682.5 18.9 192.1 7.0 
HT-B 680.3 19.5 190.8 10.2 
PM 688.7 11.5 194.4 7.2 
SG 690.1 6.8 195.5 4.2 
MS 691.6 6.1 195.6 4.3 
BM 688.6 8.1 194.7 5.1 
TD 688.3 9.7 194.8 5.7 
 
To acquire deeper insight into the atomic short-range order of the as-synthesized Co3O4 oxides, X-
ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) 
analyses were carried out. Figure 3-6 shows the fitting of the Fourier-Transformed FT|k3(k)|spectra 
of the experimental Co K-edge EXAFS spectra k3(k), for oxides displaying remarkable differences 
in their short-range order, i.e.  Co3O4-SG, -MS, -PM, -MW-A, -MW-B and -HT-B. The Co3O4-BM, 
-TD and -HT-A oxides showed similar short-range order to that of Co3O4-PM. Calculated main 
values for interatomic distances, atomic coordination numbers (N), and Debye-Waller factors (2) 
are given in Table 3-3. All synthesized Co3O4 samples show four prominent peaks arising from 
backscattering from neighboring O and Co atoms. The first peak in the FT|k3(k)| spectra at r  1.55 
Å relates to Co2+ and Co3+ cations in tetrahedral {CoO4} and octahedral {CoO6} coordination with 
oxygen atoms at interatomic distances of  1.914 Å and  1.899 Å, respectively. However, since 
those two shells are too close to be resolved in the FT|k3(k)| spectra, they convolute to a first Co-
O shell having a main interatomic distance Co-O  1.907 Å and an averaged atomic coordination 
number N = 5.333. The second and third peaks in the FT|k3(k)| spectra, at r  2.49 Å and r  2.95 
Å, correspond to the CoOcta-CoOcta  2.86 Å [N = 4] and CoTetra-CoOcta  3.35 Å [N = 8] coordination 
shells, respectively. The fourth peak at r  4.70 Å relates to higher Co and O coordination shells 
(see Figure 3-6, Table 3-3). Remarkably, while the relative amplitude of the first Co-O coordination 
shell in the FT|k3(k)| and Wavelet-Transformed (WT) spectra (r  1.55 Å), do not change too much 
among the different Co3O4 oxides, the FT|k3(k)| and WT spectra show a decreasing relative 
magnitude of the CoOcta-CoOcta, CoTetra-CoOcta and higher Co-Co(-O) coordination peaks from high 
to low temperature synthesis methods in the order Co3O4-SG > -MS > -PM> -MW-A > -MW-B > -
HT-B (see Figure 3-6). The amplitude decay in the FT|k3(k)| and WT spectra is correlated with a 
decrease of the coordination number or an increase in the mean-square disorder parameter 
2=2thermal+2static. Here, structural disorder arises from static disorder 2static, i.e. crystal defects 
due to slightly different interatomic distances in the same coordination shell. The vibrational 
 Preparative History vs Driving Force in Water Oxidation Catalysis 
66 
 
disorder 2thermal is not crucial since the spectra have been all measured at the same temperature. 
Hence, the decline in the relative amplitude of high coordination peaks in the FT|k3(k)| and WT 
spectra provide a direct indication of the extent of crystalline long-range order around the cobalt 
center. The results in Figure 3-6 and Table 3-3 suggest the existence of static-disorder and the 
presence of Co and O vacancies in the structure of the cobalt oxides synthesized at low temperature, 
namely Co3O4-HT-B, -MW-B, -MW-A and -PM. While the atomic coordination number N for 
CoOcta-CoOcta, CoTetra-CoOcta, and higher Co-Co(-O) coordination shells remains quite the same for 
Co3O4-SG, -MS, -PM, -BM, -TD and -HT-A (Table 3-3), the mean-square disorder 2 of those 
oxides increases steadily. The static local-disorder 2 increases more notably for Co3O4-MW-A, -
MW-B and -HT-B. Additionally, for those oxide materials the atomic coordination number N of the 
Co-O, CoOcta-CoOcta, CoTetra-CoOcta and higher Co-Co(-O) coordination shells is slightly smaller than 
those values of more crystalline Co3O4-SG, -MS, and -PM. The bond length Co-O  1.912 Å in 
Co3O4-MW-A is slightly larger with respect to the other oxides, suggesting lattice expansion and 
relaxation of Co-O bonds. These findings agree with results from PXRD and Raman spectra, in 
which Co3O4-MW-A, -MW-B and -HT-B show lower intensity and broadened diffraction and 
Raman peaks due to the local-structural dispersion of the Co and O atoms in the spinel structure 
(Figure 3-3 and Figure 3-5). 
 
Figure 3-6. Fitting (colored-spectra) of the Fourier Transforms FT|k3(k)|  of the experimental Co K-edge EXAFS 
spectra k3(k) (gray) of Co3O4-SG, -MS, -PM, -MW-A, -MW-B and -HT-B, phase uncorrected. The background 2D 
contour plots are the Wavelet-Transformed (WT) of the k3(k) spectra and their shaded regions highlight the decreasing 
of the peak intensity associated with the increasing disorder parameter 2 for Co-O, , CoOcta-CoOcta, CoTetra-CoOcta and 
higher Co-Co(-O) coordination shells (Figure created by Carlos Triana). 
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Table 3-3 Main interatomic distances, atomic coordination numbers (N) and Debye-Waller factors (σ2) calculated from the 
fitting of the experimental Co K-edge FT|k3(k)| spectra of Co3O4-SG, -MS, -PM, -MW-A, -MW-B, -HT-B, -BM, -TD and -
HT-A. Amplitude reduction factor S02≈0.784, ΔE0≈-7.82 eV (Table created by Carlos Triana). 
Sample Bond N σ2 r (A) 
Co3O4-SG Co-O 5.33 0.00366 1.9094 
 CoOcta-CoOcta 4.00 0.00307 2.8555 
 CoTetra-CoOcta 8.00 0.00577 3.3599 
 Co-Co 8.00 0.00546 4.9643 
Co3O4-MS Co-O 5.31 0.00310 1.9080 
 CoOcta-CoOcta 3.98 0.00309 2.8523 
 CoTetra-CoOcta 7.98 0.00587 3.3559 
 Co-Co 7.98 0.00565 4.9548 
Co3O4-PM Co-O 5.31 0.00327 1.9105 
 CoOcta-CoOcta 3.96 0.00316 2.8544 
 CoTetra-CoOcta 7.95 0.00625 3.3604 
 Co-Co 7.96 0.00571 4.9625 
Co3O4-MW-A Co-O 5.28 0.00344 
0.00307
1.9115 
 CoOcta-CoOcta 3.92 0.00336 2.8589 
 CoTetra-CoOcta 7.93 0.00701 3.3671 
 Co-Co 7.92 0.00722 4.9562 
Co3O4-MW-B Co-O 5.27 0.00313 1.9097 
 CoOcta-CoOcta 3.86 0.00346 2.8567 
 CoTetra-CoOcta 7.90 0.00740 3.3655 
 Co-Co 7.83 0.00728 4.9652 
Co3O4-HT-B Co-O 5.23 0.00283 1.9051 
 CoOcta-CoOcta 3.85 0.00359 2.8560 
 CoTetra-CoOcta 7.71 0.00861 3.3631 
 Co-Co 7.79 0.00739 4.9571 
Co3O4-BM Co-O 5.31 0.00385 1.9080 
 CoOcta-CoOcta 3.96 0.00310 2.8549 
 CoTetra-CoOcta 7.95 0.00609 3.3598 
 Co-Co 7.96 0.00566 4.9637 
Co3O4-TD Co-O 5.31 0.00367 1.9102 
 CoOcta-CoOcta 3.96 0.00313 2.8556 
 CoTetra-CoOcta 7.95 0.00614 3.3612 
 Co-Co 7.96 0.00568 4.9649 
Co3O4-HT-A Co-O 5.31 0.00295 1.9120 
 CoOcta-CoOcta 3.96 0.00315 2.8571 
 CoTetra-CoOcta 7.95 0.00621 3.3624 
 Co-Co 7.96 0.00569 4.9667 




Figure 3-7. a) XANES spectra of synthesized Co3O4-SG, -MS, -PM, -MW-A, -MW-B, -HT-B oxides, and reference 
compounds CoIIO and LiCoIIIO2. The inset shows the calculated Co valance states, b) zoom of changes in the pre edge 
intensity of XANES spectra, c) zoom of the shifts of the Co K-edge absorption edge to higher energy at (E)=0.5 of the 
normalized XANES spectra (Figure adapted from ref 284). 
Figure 3-7 shows XANES spectra for as-synthesized Co3O4-SG, -MS, -PM, -MW-A, -MW-B, -HT-
B and those of reference compounds CoIIO and LiCoIIIO2. The Co K-edge absorption edge is 
gradually shifted to higher energy from ≈ 7719.1 eV for -HT-B to ≈ 7720.36 eV for -SG (Figure 
3-7c), which suggests that distinct Co3O4 samples were slightly oxidized when proceeding from 
low to high synthesis temperatures. The average oxidation state of Co was estimated from the linear 
dependence of the Co K-edge position at the energy corresponding to a (E)-value of 0.5 of the 
normalized XANES spectra.332 Consequently, Figure 3-8 show that, based on the absorption edge 
energy position ((E)  0.5) of the reference compounds CoIIO and LiCoIIIO2, the Co valence states 
for the as-synthesized Co3O4 oxides were calculated to slightly increase from ≈ 2.654 for -HT-B to 
≈ 2.778 for -SG. The average cobalt oxidation state in an ideal spinel is 2.67. In order to maintain 
electroneutrality, formation of oxygen vacancies for lower and formation of cobalt defects (or 
interstitial oxygen)  for higher oxidation states would be a reasonable explanation for these 
deviating values.308,310  
As shown in Figure 3-7, the XANES spectra of all synthesized oxides exhibit a characteristic pre-
edge peak at ≈ 7709.6 eV whose intensity lightly increases from high to low temperature synthesis 
methods according to Co3O4-MW-B > -MW-A  > -MS > -HT-B > PM > SG. The pre-edge peak is 
more intense for tetrahedral sites and broader and less intense for octahedral symmetry.332 
Therefore, the result in Figure 3-7b suggests that the degree of inversion, as introduced in chapter 
1.2.1 is slightly higher for low temperature synthesized oxides Co3O4-MW-B and -MW-A. 
Qualitative information on the degree of inversion x was obtained from EXAFS fitting by 
estimating the fraction of Co3+ in tetrahedral (Xa) and octahedral (Xb) sites given by Xa = 1 - Xb, 
which corresponds to the degree of inversion (x).332 Calculated values range from x=0.007  2 for 
Co3O4-SG to x=0.021  2 for Co3O4-MW-B. These values agree with previous reported values of 
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inversion degree for spinel Co3O4 oxides.333,334 However, those values should be taken 
conservatively since the interatomic distances for tetrahedral Co2+-O4 ≈ 1.914 Å and octahedral 
Co3+-O6 ≈ 1.899 Å coordination shells are too close to be well-resolved in the FT|k3(k)| spectra. 
While the energy position and line shape of the white line intensity in the XANES spectra is 
sensitive to experimental beam stability, the change in the white line intensity and the slightly shift 
to lower energy (Figure 3-7a) further indicates the presence of structural disorder and an increasing 
of the inversion degree x. This result also suggests that the density of unoccupied d-states and 
oxidation states of Co atoms are indeed different among the synthesized Co3O4-SG, -MS, -PM, -
MW-A, -MW-B, and -HT-B oxides. These trends agree with those of PXRD and Raman spectra 
and further support that low temperature synthesis of Co3O4 promotes the formation of a charge 
imbalance, Co and/or O vacancies or unsaturated chemical bonds on the spinel surface-structure. 
 
Figure 3-8.  Cobalt valence states calculated at (E)=0.5 of the normalized XANES spectra (Figure adapted from ref 
284). 
XPS data for Co3O4-MW-B, -HT-B, -SG, and –PM are plotted in Figure 3-9 together with those of 
the reference samples of CoIIO and LiCoIIIO2 for representative core level spectra of Co2+ and Co3+, 
respectively. The binding energies of the Co 2p3/2 emission are similar for all investigated cobalt 
oxides at ≈780 eV (Figure 3-9a), which is in good agreement with literature reports.335 Whereas the 
peak positions for Co2+ and Co3+ are hard to distinguish, samples containing Co2+ show an additional 
characteristic shake-up satellite emission at roughly 786 eV.336 The intensity of this satellite 
emission (inset of Figure 3-9a) can be used to assess the relative amount of Co2+ present in the 
sample. By comparing the intensity of the satellite emission of the synthesized cobalt oxides with 
that of the reference compounds LiCoIIIO2 and CoIIO the following trend for the average Co valence 
states was derived: HT-B < PM  MW-B < SG. This trend is in good agreement with the XANES 
data shown in Figure 3-7a,c. Whereas the Co 2p3/2 core level binding energies are similar for CoO 
and Co3O4, the shift in the kinetic energy of the L3VV Auger emission is considerable for different 
oxidation states. Figure 3-9b shows a Wagner plot featuring both Co 2p3/2 binding energies as well 
as L3VV Auger kinetic energies. The Wagner plot is a helpful analytical tool for chemical state 
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analysis, because it provides a comprehensive display of both Auger electron kinetic energies as 
well as photoelectron binding energies. It can be applied for different materials containing the same 
element, by plotting the kinetic energies of an Auger peak over the binding energies of a 
photoelectron peak.262 The sum of the Auger kinetic energies and the binding energies, the modified 
Auger parameters, are illustrated as diagonal lines.263  
The Auger parameter is insensitive to charging and particularly useful when comparing spectra of 
insulating samples with results from literature. Modified Auger parameters from the National 
Institute of Standards and Technology (NIST) are given for references (Co3O4*, Co*, and CoO*) 
as indicated by the orange lines.335 The modified Auger parameters for the as-synthesized Co3O4-
MW-B, -HT-B, and PM samples are on the same line with the Co3O4* reference. Interestingly, the 
measured CoIIO also coincides with this line, implying oxidation of the surface. The SG sample is 
closer to the LiCoIIIO2 line, which is in good agreement with the absence of a strong satellite 
emission as shown in Figure 3-9a. These findings correlate well with the previous spectroscopic 
measurements, showing the same trends, namely lower average oxidation states for samples 




Figure 3-9. (a) XPS spectra of the Co 2p3/2 peak of the synthesized Co3O4-MW-B, -HT-B, -SG, -PM samples, and of 
reference compounds CoIIO and LiCoIIIO2 (inset: satellite of the Co 2p3/2 peak), (b) Wagner plot using the Co 2p3/2 core 
level binding energy  and the Co L3VV Auger electron kinetic energy. References (Co3O4*, Co*, and CoO*) were 
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3.4.2 Water Oxidation Activity 
Photocatalytic water oxidation experiments were performed by Lukas Reith. 
The water oxidation performance of Co3O4 samples synthesized by nine different methods was 
tested using the three most widely applied approaches, namely photocatalytic, chemical and 
electrocatalytic oxidation as introduced in chapters 1.1.2 and 2.3. The results are shown in Figure 
3-15, and for a better assessment of the activity, the BET surface area and the mean-square disorder 
parameter 2 values are included as well.  
 
Figure 3-10. Cyclic voltammetry performed in 1 M KOH from 0 – 0.8 V vs. Ag/AgCl with 5 mV/s. A single cycle (the 
second) is shown in a) and the section showing the onset potential of all samples is shown in b).  
To evaluate the electrocatalytic water oxidation performance, the spinel samples were coated on 
FTO (blank FTO showed catalytic properties inferior to all Co3O4 samples except Co3O4-MS, 
therefore allowing for comparison of the catalyst activities) and measured in a standard three 
electrode setup in 1 M KOH, using Ag/AgCl as reference and Pt as counter electrodes. The use of 
Pt counter electrodes was recently under debate since it was shown that small amounts dissolve in 
the electrolyte and influence the activity of water reduction catalysts.337–339 However, this is not the 
case for water oxidation as Pt does not produce any Faradaic current in this region (see Figure 3-11) 
and since the measurements were performed at pH 14 the dissolution is minimized.274  




Figure 3-11. LSV measurements of standard MW-Co3O4 in comparison with a Pt electrode in 1 M KOH.  
Furthermore, the stability of Ag/AgCl reference electrodes in alkaline media was recently 
questioned due to the possible formation of silver oxide.273 To address this issue, control 
experiments were performed. First, the stability of the used Ag/AgCl electrode in 1 M KOH was 
tested by measuring CV of the [FeII(CN)6]4- / [FeIII(CN)6]3- redox pair every hour for 12 hours. After 
that, a CV of fresh [FeII(CN)6]4- / [FeIII(CN)6]3- solution was recorded to check the stability of the 
redox pair itself. The redox peak positions over time are shown in Figure 3-12. These results confirm 
the stability of the measured redox pair as well as the instability of the Ag/AgCl reference electrode 
since the redox peaks shift over time. However, as indicated with the green area in Figure 3-12, this 
stability shift is within the error margin of the performed experiments, especially since the 
measurement time of the performed oxidation tests is less than 2 hours. This justifies the use of a 
Ag/AgCl reference electrode for the performed experiments explained below. Furthermore, no new 
catalyst is introduced here but the influence of single synthesis parameters on the activity of the 
resulting well-known catalyst, spinel-type Co3O4, are investigated by comparing them using 
standard electrochemical measurement techniques. 




Figure 3-12. Oxidation, reduction and half potential changes of the [FeII(CN)6]4-/ [FeIII(CN)6]3- redox pair in 1 M KOH 
over time vs. Ag/AgCl; green area: standard deviation of the potential at 1 mA/cm2 given in Figure 3-15.  
 
Cyclic voltammetry as well as chronoamperometry were performed, first stepwise from 0.45 to 0.65 
V vs. Ag/AgCl, then for 2 h at 0.6 V. From the cyclic voltammograms, which were performed in 1 
M KOH from 0 – 0.8 V vs. Ag/AgCl with 5 mV/s steps, always the second cycle (Figure 3-10a) 
was taken for comparison. Figure 3-10b shows the section of the onset potential from second cycle 
of all samples. All samples showed an onset potential in the range of 0.45 – 0.6 V vs. Ag/AgCl 
(1.49 – 1.64 V vs. RHE) with significant standard deviations of 0.03 V, no clear trend is visible (see 
Figure 3-10b). The only remarkable feature is that Co3O4-MS, with an overpotential of 0.6 V vs. 
Ag/AgCl (1.64 V vs RHE), is outperformed clearly by all other materials.  




Figure 3-13. Chronoamperometry measurements of all cobalt oxide samples from 0.45 – 0.65 V vs. Ag/AgCl (0.1 V 
steps and holding time of 5 min for each step). For clarity of presentation, only the stabilized current after 5 min holding 
is plotted against the potential. 
For a better comparison of the pure material, stepwise chronoamperometry, from 0.45 to 0.65 V vs. 
Ag/AgCl with 0.01 V steps and 5 min per step, was conducted. To eliminate the diffusion current, 
therefore representing the catalytic activity more reliably, always the current density after keeping 
the potential for 5 min was taken and plotted in Figure 3-13. For comparison, the potentials at 1 
mA/cm2 are determined from Figure 3-13 and plotted in Figure 3-15. Even from these more accurate 
measurements, no clear influence on the electrocatalytic performance is evident. All potentials at 1 
mA/cm2 are in the range of 0.55 – 0.59 vs Ag/AgCl (1.59 – 1.62 V vs. RHE) with a comparatively 
large error of 0.024 V. 
To investigate the stability of Co3O4-MW-A as a representative of the different samples on FTO 
electrodes, different characterizations were performed before and after electrocatalytic 
measurements (see Figure 3-14). Representative SEM images recorded of Co3O4-MW-A before and 
after electrocatalytic measurements (Figure 3-14a) do not show significant morphology changes. 
Likewise, Raman spectroscopy (Figure 3-14c) reveals the stability of the catalyst. Only PXRD 
patterns recorded in reflectance mode on a Rigaku SmartLab device using a Ge monochromator 
and CuK radiation showed some changes (Figure 3-14b), namely an increased FTO:Co3O4 ratio 
which can be explained by partial detachment of electrode material but not by a change in the 
catalyst itself. Justification of the use of Pt as a counter electrode is provided in the next chapter. 
 




Figure 3-14. SEM images (a), PXRD pattern (b) and Raman spectra (c) of Co3O4-MW-A deposited on FTO electrodes before 
and after electrocatalytic measurements. 
For photocatalytic water oxidation, a standard [Ru(bpy)3]2+/S2O82-/light assay was used at pH 8.5. 
In this case, through visible-light excitation of [Ru(bpy)3]2+ and subsequent oxidative quenching by 
persulfate, the one electron oxidant [Ru(bpy)3]3+ is generated in situ (E° = 1.26 V vs NHE)340. Figure 
3-15 shows a quite significant difference in activity between the most active catalyst Co3O4-HT-B 
with 77.7 % ± 6.4 / 203 m2g-1 and the least active catalyst Co3O4-MS with 12.4 % ± 0.4 / 2 m2g-1. 
The samples synthesized at lower temperatures generally show higher OER activity, with the 
hydrothermally synthesized Co3O4-HT-B demonstrating the highest activity with an O2-yield of 
77.7 % ± 6.4, compared to the samples obtained at high temperature. This goes in hand with the 
high surface areas of MW-A (99 m2g-1), MW-B (146 m2g-1) and HT-B (203 m2g-1). However, HT-
A and PM, which exhibit relatively low surface areas, also show increased performance. 
Considering only the high-temperature samples, Co3O4-MS, -BM, and -SG show a trend towards 
higher activity for increasing surface area. Co3O4-TD is an exception with a rather high activity of 
46.9 % ± 4.6 for its comparably low surface area of 11 m2g-1. Note that the disorder among the 
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samples follows a related trend to the surface area. No clear correlation between the activity and 
either surface area, disorder, or valence state can be seen in photocatalytic water oxidation. The 
general performance trend reveals a higher activity for materials synthesized through low 
temperature hydrothermal or precipitation methods ( 180°C) than for materials synthesized at high 
temperature ( 400°C) (Co3O4-TD being the above-mentioned exception). Consequently, the 
synthetic method itself exerts a clear effect on photocatalytic water oxidation activity. 
Chemical water oxidation was tested with the strong one electron oxidant cerium ammonium nitrate 
(CAN) with an E° of 1.7 V vs NHE.80,81 Using CAN is a relatively simple and straightforward 
protocol for WOC assessment since the kinetics are driven in one electron steps and commercially 
available O2 sensors can be used. However, CAN is only sufficiently stable at low pH values of 
typically 0.9, which limits its applicability.271 Even though chemical and photochemical water 
oxidation tests are thus performed at very different pH values, their “overpotentials” for water 
oxidation correspond to comparable E° at the given pH values.91 In our case, water oxidation was 
tested by a standard method, measuring O2 production by a luminescent dissolved oxygen electrode 
(LDO) with results between 5 x 10-4 and 10-2 mmol oxygen per milligram catalyst. Co3O4-HT-B 
was the most active catalyst (1.05 x 10-2 mmol oxygen per mg) and Co3O4-MS showed the lowest 
activity (6.45 x 10-4 mmol oxygen per mg) (see Figure 3-15), as observed for photocatalytic 
oxidation. Despite this similarity and the comparable “overpotentials”, the activities of the other 
cobalt oxides vary drastically between both test methods. In contrast to the photochemical 
oxidation, the activities for the chemical oxidation display the expected correlations with the 
materials parameters. A clear increase of the activity with higher BET surface area can be seen. 
Likewise, the increasing disorder among the sample series results in continuously higher activity. 
As BET surface area and disorder show similar trends, both being linked to the preparative history, 
a plausible further differentiation into one key performance parameter is not possible from the 
present data set. Additionally, the valence states derived from XANES and XPS data showing lower 
general oxidation states could be a key performance parameter. Generally, samples synthesized at 
lower temperatures show higher activities than the high temperature samples, such as Co3O4-MS, -
BM, and -SG (see Figure 3-15). 
The observation that WOC activity shows significant differences for chemical and photocatalytic 
but not for electrocatalytic water splitting indicates that the differences among the materials, such 
as in surface area, disorder or oxidation state, are less important for electrocatalytic water oxidation, 
i.e. the influence of the synthetic method is rather negligible here. A possible explanation for this 
observed leveling is the reversible pre-catalytic formation of a thin amorphous shell of CoOx(OH)y, 
since the post-catalytic investigations still show the presence of Co3O4 (see Figure 3-14). This 
supports the in-situ X-ray study of Dau et al., who observed the formation of a sub-nanometer 
CoOx(OH)y shell containing di-µ-oxo-bridged Co3+/4+ ions. In this study it is furthermore shown, 
that the catalytically active CoOx(OH)y crystallizes back to Co3O4 after returning to non-catalytic 
electrode conditions, showing a reversible formation of the active electrocatalyst.283 Dau et al. found 
a reversibly formed intermediate sub-nanometer shell containing di-µ-oxo-bridged Co3+/4+ ions by 
advanced in-situ X-ray techniques. A very similar study, published by Chen & Cheng et al. in the 
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same year, support these results as well with in-situ X-ray diffraction techniques, showing the 
formation of - and -COOH thin layer from CoO on Co3O4 nanocubes.311 These findings would 
relativize the influence of pristine surface composition and structure. 
All in all, a different behaviour was observed for all three catalytic methods. This agrees with the 
results of Stahl et al.  comparing different manganese oxides for photocatalytic, chemical and 
electrocatalytic water oxidation.91 The present study narrowed this approach further down to a 
single material type which was subjected to different preparative histories. Notwithstanding this 
systematic strategy, the observed differences in activity show clear deviations between the different 
oxidation methods. Although photochemical and chemical oxidation should presumably show a 
similar trend, the comparably sluggish kinetics through the more complicated photocatalytic cycle 
could be the reason for the observed deviations.  
Regardless of these specific differences in assessment, the preparative method exerts a clear 
influence on the WOC for both photochemical and chemical water oxidation. Surface area, 
oxidation state, and disorder were identified as the most important parameters for the chemical 
oxidation performance. In contrast, no clear trend for these parameters could be found for the 
photochemical oxidation. However, in both test methods, Co3O4 samples synthesized at higher 
temperatures generally show lower activity, than those obtained at notably lower synthesis 
temperatures. As for electrochemical water oxidation, no significant trends were derived, i.e. the 
choice of the synthesis method exerts a rather negligible effect on the catalytic performance.  




Figure 3-15. Comparison of the water oxidation activity of spinel Co3O4 synthesized by different methods by applying 
photochemical, electrochemical, and chemical oxidation methods, as well as the BET surface area and the mean-square disorder 
parameter 2. For the photochemical oxidation a standard [Ru(bpy)3]2+/S2O82- protocol was used with a borate buffer (pH 8.5). 
Electrocatalytic activity is compared by the potentials vs RHE at 1 mA/cm2 in 1 M KOH, and the chemical oxidation was tested 
in 146 mM ammonium cerium (IV) nitrate (CAN) (Figure created by Lukas Reith). 
  




In this chapter, a two-step strategy using spinel-type Co3O4 water oxidation catalysts (WOCs) as a 
model system was introduced to investigate the fundamental issue of the influence of the preparative 
method on the WOC activity determined with different catalytic test methods. To this end, nine 
different synthetic approaches to obtain Co3O4 were first applied, and the as-synthesized products 
were compared with respect to their key physical properties, such as crystallinity, disorder, 
oxidation state, and particle size. Second, this spectrum of cobalt oxide materials was subjected to 
a critical comparison of their WOC activity using the three most widely applied test methods, 
namely photocatalytic, electrocatalytic and chemical water oxidation.  
The Co3O4 samples synthesized at lower temperatures show higher disorder as determined from 
EXAFS fitting, which strongly correlated with the observed peak broadening in their Raman 
spectra. These more disordered samples are also found to contain lower fractions of Co(III), 
indicating a higher amount of oxygen vacancies, than those exhibiting a higher degree of 
crystallinity, as evident from XPS and XANES data. Generally, cobalt oxides synthesized at low 
temperatures ( 180 °C) show higher water oxidation activities in the chemical and photocatalytic 
assessment protocols than those obtained at higher temperatures, with molten salt synthesis giving 
rise to lowest and hydrothermal approaches to highest WOC activity.  
Chemical oxidation as the most direct test protocol brought forward the clearest correlation between 
increasing surface area/disorder along with lower average cobalt oxidation states and increasing 
catalytic activity. However, such straightforward trends were not observed in photochemical water 
oxidation. In contrast, the electrochemical water oxidation activity was far less sensitive to 
variations in the materials properties. The underlying reason for this leveling effect is most likely 
the formation of an active thin amorphous CoOx(OH)y shell during electrocatalysis, as observed in 
previous studies. 
We here demonstrate that the synthetic method exerts a crucial influence on the materials 
characteristics of Co3O4 WOCs which in turn leads to significant differences in their catalytic 
activity in chemical and photochemical assays. These trends have an impact on the general ranking 
of WOC activity which should be unambiguously differentiated with respect to the specific applied 
protocol. Further studies are under way to explore the optimization of ternary and higher WOCs, 
such as perovskites, through fine-tuned synthetic methodologies addressing individual materials 
parameters.     
Microwave-Hydrothermal Tuning of Spinel-Type Co3O4 Water Oxidation Catalyst 
80 
 
4  Microwave-Hydrothermal Tuning of Spinel-type 
Co3O4 Water Oxidation Catalysts 
 
This chapter is based on the following publication:  
Microwave-Hydrothermal Tuning of Spinel-type Co3O4 Water Oxidation Catalysts, Karla Lienau, 
C. A. Triana, Lukas Reith, Sebastian Siol, and Greta R. Patzke, Frontiers in Chemistry accepted, 
Manuscript ID: 508534 
Author contributions: Parts of the Raman and TEM measurements were performed by Lukas Reith. 
XAS analysis was performed with the help of S. Esmael Balaghi and C. A. Triana and evaluation 
was performed by C.A. Triana. XPS measurements were conducted and analysed by Sebastian Siol. 
EIS and long-term chronoamperometry measurements were conducted and evaluated by S. Esmael 
Balaghi 
4.1 Introduction 
The role of Co3O4 as water oxidation catalyst was already laid out in the previous chapters. It was 
mentioned that not only the type of catalyst, but also its crystallinity, morphology, size, facets, 
oxidation states and maybe even more parameters play important roles in the water oxidation 
activity.154 In previous studies, a wide range of different synthesis methods has been applied to 
obtain Co3O4 in various morphologies and forms.39,71,76,283,298–307 In the last chapter, spinel-type 
Co3O4 samples prepared by a broad spectrum of different synthesis methods and the resulting 
materials were compared regarding their characteristics and photo-, electro- and chemical water 
oxidation activity. Indeed, it was found that the synthesis method exerts a major influence on the 
catalytic activity for water oxidation. Furthermore, large deviations of these activity trends were 
found by comparing the three water oxidation methods. Whereas a strong correlation between the 
activity and surface area, crystallinity and disorder of the corresponding materials was found for 
chemical oxidation, electrocatalytic oxidation was barely influenced by these parameters. This trend 
was in part ascribed to the in situ cobalt oxyhydroxide formation observed by other groups.283,298,311  
In the present study, we conduct an in-depth investigation of the influence of microwave-
hydrothermal synthesis parameters on the WOC activity of Co3O4 nanocubes, thereby narrowing 
the parameter range further down in search of optimization guidelines. Microwave synthesis, which 
is already well established in organic synthesis, attracts increasing interest in inorganic synthesis, 
especially for different oxide materials.76,341–347 Microwaves as non-ionizing and long-wavelength 
electromagnetic radiation enable high penetration depths and fast heating, thus rendering syntheses 
economically attractive by decreasing reaction times and temperatures. Due to optimization of the 
microwave reactor conditions, such as shape, constant motion of the reactor vessels and stirring, 
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thermal gradients and “hot spots” can be largely prevented leading to uniform growth and 
dimensions of the oxide particles.348 This renders microwave synthesis a crucial option for well-
defined particle fabrication in nanoscience and technology.341 However, little is still known about 
the growth mechanisms of metal oxides under the influence of microwaves.349–351 More information 
about microwave synthesis are provided in chapter 1.2.2. 
In the case of Co3O4 we recently demonstrated that the growth mechanism can play a key role in 
the resulting water oxidation activity.165 Therefore, we here started from a well-defined microwave 
protocol for microwave-assisted spinel-type Co3O4 and systematically studied the influence of the 
synthetic parameters on the properties and catalytic performance of the emerging materials to 
demonstrate the importance of these parameters in microwave-hydrothermal WOC 
synthesis.320,352,353 To this end, the Co3O4 spinel samples were characterized with a wide range of 
analytical methods and subsequently compared with respect to their chemical and electrocatalytic 
water oxidation activity. The results of this study shed detailed and practical light on our recent 
work presented in the previous chapter by illustrating that a given Co3O4 catalyst cannot be simply 
compared to another specimen without taking the preparative history into account. 
 
 
Figure 4-1. Scheme of varied microwave-hydrothermal synthesis parameters throughout this chapter. 
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4.2 Aims of the project and brief summary 
Co3O4 as a promising candidate for water oxidation is a highly investigated candidate. As clearly 
explained in the previous chapter, the preparation method does influence the resulting materials 
properties and therefore water oxidation activities. We here prepared Co3O4 by microwave 
hydrothermal synthesis, which offers attractive features of fast kinetics and parameters, while 
varying several synthesis parameters. The resulting spinels were examined with respect to materials 
characteristics like crystallinity, oxidation state and surface area using various analytical methods. 
Furthermore, their water oxidation activity in electrocatalytic and chemical oxidation setup was 
investigated. For both oxidation methods we demonstrate in the following that the same trends 
regarding the synthesis parameters were found, showing higher activity for lower synthesis 
temperatures, lower precursor concentrations, addition of hydrogen peroxide and shorter ramping 
and reaction time.   




EIS measurements were performed by S. Esmael Balaghi. 
4.3.1 Synthetic procedure 
All Co3O4 samples were obtained from microwave-hydrothermal synthesis. Co(CH3COO)24H2O 
(Sigma-Aldrich, reagent grade) was dissolved in 15 mL water and the pH was adjusted to 11 by 
addition of aqueous ammonia (25% NH3, Merck, GR for analysis). The dispersion was poured into 
a 95 mL CEM Omni Teflon vessel equipped with a stirring bar and sealed accordingly. Always, 
two reactions were conducted simultaneously, and temperature and pressure were monitored for the 
reaction in the reference vessel. The reaction was temperature controlled, i.e. the microwave power 
was adjusted according to the reference vessel temperature. The reaction mixture was heated to 180 
°C in 30 min (referred to as ramping time) and kept at this temperature for 45 min (referred to as 
holding time), followed by a cooling period of approximately 30 min, before separation of the 
product by centrifugation. The samples were air-dried at 80 °C prior to further characterization. The 
parameters were varied as summarized in Table 2 and the samples were labelled accordingly. 
The parameters were varied according to Table 4-1 and the samples are labelled accordingly. 
























0.18 mmol 0.18 0 180 30 60 slow 
0.6 mmol 0.6 0 180 30 60 slow 
1.2 mmol 1.2 0 180 30 60 slow 
Standard 1.8 0 180 30 60 slow 
1.5 ml H2O2 1.8 1.5 180 30 60 slow 
3 ml H2O2 1.8 3 180 30 60 slow 
160° C 1.8 0 160 30 60 slow 
140° C 1.8 0 140 30 60 slow 
20 min ramping 1.8 0 180 20 60 slow 
10 min ramping 1.8 0 180 10 60 slow 
30 min holding 1.8 0 180 30 30 slow 
Fast stirring 1.8 0 180 30 60 fast 
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4.3.2 Catalytic measurements 
Electrocatalytic measurements were carried out in a standard three-electrode setup with an Ag/AgCl 
(Aldrich glass reference electrode Ag/AgCl with 3 M KCl) as reference- and a Pt-foil as counter 
electrode. The working electrode was prepared by first dispersing the WOC in water (2 mg in 100 
mL) and 40 mL of this dispersion were drop casted on 1 cm2 FTO (Aldrich, 7 /sq). After 30 min 
drying at 80 °C, Nafion solution (10 mL, 1wt-% diluted from 5 wt-%, Nafion perfluorinated resin 
solution, Aldrich) was drop-casted on the surface to fix the WOC. For the measurements, 1 M KOH 
was used as electrolyte. A Bio-Logic SAS SP-150 potentiostat was used. The standard measurement 
protocol consisted of three steps: (1) Cyclic voltammetry (CV) was measured from 0-0.7 V vs. 
Ag/AgCl with 0.005 mV step size. For data evaluation, only the second cycles were compared to 
each other. (2) Stepwise chronoamperometry increasing the potential from 0.45 V to 0.65 V in 0.01 
V steps and held for 5 min. The stabilized current at the end of each step was used for further 
evaluation to eliminate diffusion currents. (3) Chronoamperometry in which a potential of 0.6 V vs. 
Ag/AgCl was applied for 2 h for stability testing.  
For electrochemical impedance spectroscopy (EIS) and long-term chronoamperometry studies in 
1.0 M KOH, 2 mg of the obtained cobalt oxide powders were dispersed in 100 μL of 2% Nafion 
(ethanol solution) and sonicated for 15 min. A total of 40 μL of the suspension was drop-cast on 
the carbon cloth (Toray Carbon Paper, TGP-H-60, 1 cm2) and kept at 60 °C for 15 min. 
To evaluate the chemical water oxidation activity of the catalysts, the following standard CAN 
method was applied: Prior to addition of WOC, CAN (2 g) was dissolved in milli-Q water (40 mL) 
and the solution was degassed with argon. After subsequent addition of WOC (2 mg) the oxygen 
evolution was recorded for 45 min while stirring the solution, using a luminescent dissolved oxygen 
sensor (LDO). For data evaluation, only the peak concentration was used. A Hach HQ40d 
multimeter with LDO 101 sensor was used for these measurements. 
4.3.3 Materials and methods 
Powder X-ray diffraction (PXRD). The spinels were characterized by powder X-ray diffraction 
(PXRD) measurements on a STOE STADI P diffractometer in transmission mode (Ge 
monochromator Mo Kα1 radiation).  
Fourier transformed infrared spectra (FT-IR). FT-IR spectra were recorded on a Bruker Opus 
spectrometer.  
Nitrogen sorption. The surface area was measured using Brunauer−Emmett−Teller (BET) 
measurements on a Quadrasorb SI machine in N2-adsorption mode. Samples were degassed at 100 
°C overnight under vacuum prior to the measurements.  
Raman. Raman spectra were measured on a Renishaw inVia Qontor confocal Raman microscope 
with a diode laser (785 nm).   
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Microscopy. SEM was measured on a Zeiss SUPRA 50VP SEM equipped with a Schottky field 
emitter and an inlens secondary electron (SE) detector. An acceleration voltage of 10 kV and a 
working distance of 5.4-6 mm were applied, TEM images were taken on a JEOL JEM-1400 Plus. 
The camera was a JEOL CCD camera Ruby (8 M pixel) and the electron beam source a LaB6 crystal 
operated at 120 kV. HR-TEM images were obtained from a FEI Tecnai F30 FEG device, equipped 
with a CCD Gatan 794 MultiScan Camera and a Schottky emitter (300 kV).  
X-ray photoelectron spectroscopy (XPS). XPS measurements were performed by Sebastian Siol 
on a Physical Electronics (PHI) Quantum 2000 spectrometer. The monochromatic Al-Kα radiation 
was generated from an electron beam (15 kV, 35.8 W). For energy scale calibration, Au and Cu 
reference samples were used. The measurements were carried out at 10-8 mbar, with an electron 
take off angle of 45° and a pass-energy of 23.5 eV. A low energy electron source was used for 
charge compensation throughout the measurements. The alignment of the acquired spectra was 
performed using the the main (CC) component of the C1s core level emission. The modified Auger 
parameter was calculated by adding the kinetic energy of the CoL3VV and Co 2p3/2 binding 
energies.  
X-ray absorption spectroscopy (XAS). XANES-EXAFS spectra at the Co K-edge on solid powder 
samples dispersed in cellulose of the synthesized Co3O4 and reference oxides CoIIO and LiCoIIIO2 
were carried out at the SuperXAS beamline at the Swiss Light Source (SLS), Paul Scherrer Institute 
(PSI) Villigen, Switzerland. Measurements were carried out by quick-scanning (QEXAFS) 
acquisition data protocols using a three-ionization chamber configuration in transmission mode and 
a 5-element Silicon Drift Detector. For energy calibration, the spectrum of a metal Co foil was 
measured simultaneously at the second ionization chamber. The X-ray beam was collimated using 
a Si coated mirror and the energy was scanned using a channel-cut Si[111] monochromator. A Rh 
coating toroidal mirror was used after the monochromator to focus the incident X-rays with a spot 
size of 400×200 μm2 on the samples and a photon flux of 5.0×1011 photons. The measured EXAFS 
spectra k3(k) were extracted by standard data reduction, absorption edge energy calibration and 
background subtraction as implemented in ATHENA.326 The spectra were reduced into the range 
k  3-14 Å-1 and Fourier transformed to FT|k3(k)| into the real-space interval of R  0-6 Å. To 
calculate main values for interatomic distances, coordination numbers (N), and Debye-Waller 
factors (σ2) nonlinear least-squares fitting of the FT|k3(k)| spectra was carried out by ARTEMIS 
using atomic clusters of Co3O4 (ICSD code 27498), generated by ATOMS as implemented in 
IFEFFIT.326 The amplitudes and phases shift for single and multiple scattering paths were calculated 
using FEFF6.327 
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4.4 Results & Discussion 
4.4.1 Materials characterization 
XAS measurements were performed and analysed by Dr. Carlos A. Triana. 
In order to screen the parameter influence on the WOC activity of cobalt oxide nanoparticles, the 
selected standard microwave hydrothermal protocol was varied with respect to: temperature, 
precursor concentration, amount of hydrogen peroxide added to the synthesis mixture, the ramping 
and holding times of the synthesis and the stirring speed (see Table 4-1). Samples were labelled 
with respect to the single varied parameter.  
Powder X-ray diffraction (PXRD) pattern show the formation of phase pure spinel structure (space 
group Fd3̅m (No.: 227)) for all samples (see Figure 4-2a). Co3O4 crystallizes in the normal spinel 
structure, i.e. the Co2+ ions occupy one eight of the tetrahedral voids of cubic close packed oxygen 
anions and Co3+ occupy half of the octahedral voids. The general structural model is in accordance 
with the obtained Raman spectra shown in Figure 4-2b, where five phonon excitations can be 
observed: the A1g, Eg, and the three F2g modes are Raman active.328 The symmetric Co-O stretching 
vibration of the octahedrally coordinated cobalt centers appearing at 693 – 685 cm-1 is assigned to 
the A1g mode.329 The Co-O stretching vibration of tetrahedrally coordinated cobalt centers is 
attributed to the F32g mode at 196 – 193 cm-1. The two remaining F2g modes and the Eg mode are 
located at 621 – 618 cm-1, 523 – 519 cm-1 and 484 – 480 cm-1, respectively. The relative shifts of 
the Raman peaks as well as the different peak broadening indicate a difference in the short-range 
order of the synthesized Co3O4 spinel samples, analogous to the peak broadening observed in the 
PXRD patterns. Only very small shifts of the Raman peak centers of A1g and F32g modes are 
observed for the investigated samples, indicating the presence of very similar sample structures. 
 




Figure 4-2. (a) PXRD patterns and (b) Raman spectra of the different spinel-type Co3O4 samples obtained from 
parameter variations of the standard microwave protocol. 
Even though showing the same structure, the Bragg reflections of the different samples in Figure 
4-2a exhibit slightly different full width half maxima (FWHM), from which the crystallite domain 
size can be calculated by means of the Scherrer equation.255,256 The according calculated crystallite 
sizes  are compared in Table 4-2. Broader reflections than obtained from the standard synthesis 
procedure were observed for the materials synthesized with the lowest precursor concentration, with 
addition of H2O2 and with more rapid heating. Interestingly, the temperature, the stirring speed and 
the reaction time (holding time) did not exert a significant impact on the FWHM of the Bragg 
reflections. The value of the surface area obtained from Brunauer-Emmet-Teller (BET) analyses 
(Table 4-2) moderately correlate with the crystallite sizes obtained from Scherrer analysis but 
appear generally quite low taking the particle sizes into account. This may indicate that the obtained 
Co3O4 particles were agglomerated to a large extent. 
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Table 4-2 Surface area measured by N2-sorption and determined from BET and crystallite size determined from 




τXRD      
[nm] 
0.18 mmol 169 16 
0.6 mmol 33 22 
0.9 mmol 44 17 
1.2 mmol 25 22 
Standard 30 23 
1.5 ml H2O2 67 12 
3 ml H2O2 75 14 
160° C 22 18 
140° C 39 25 
20 min ramping 75 14 
10 min ramping 35 15 
30 min holding 16 23 
Fast stirring 18 32 
 
SEM images of the obtained spinels show generally similar morphology but still visible differences 
(see Figure 4-3). Probably the most significant morphology differences can be observed in Figure 
4-3 g) and i) representing the samples with H2O2 added to the reaction mixture, and also j) and k) 
which correspond to the samples that were heated more rapidly. Interestingly, the surface of the 
spinel material shown in Figure 4-3 j), emerging from a ramping time of 20 min, looks more rough 
than the one in k) which was heated up even faster, namely in 10 min. This is consistent with the 
BET surface area measurement results as shown in Table 4-2. Compared to the sample obtained 
under standard conditions shown in the middle (Figure 4-3 f)), many samples are less agglomerated. 
This is especially the case for the samples obtained from lower Co-concentrations (a) and b)), lower 
temperatures (c) and e)), faster stirring speed (d)) and shorter holding time (h)). To a large extend, 
this is not reflected in the obtained BET values.  
Therefore, to provide a better comparison of the particles themselves and not only of how they 
agglomerate, TEM images were recorded as well and are shown in Figure 4-4. For the most different 
samples, HR-TEM was recorded as well and is shown in Figure 4-5. 




Figure 4-3. SEM images of the spinel samples synthesized with one parameter varying from the standard synthesis 
method (f)): a) and b) with 0.18 and 0.9 mmol cobalt precursor respectively, c) and e) with 140°C and 160°C synthesis 
temperature, d) with a faster stirring speed, g) and i) with addition of 1.5 and 3 ml H2O2 (30wt-%), h) with 30 min holding 
time and j) and k) with 20 and 10 min ramping time. For all images, the same magnification was applied (scale bar = 3 
m). 
TEM images (see Figure 4-4) show moderately aggregated particles but this might be due to the 
different sample preparation for TEM and BET analysis. Whereas for BET measurements, the 
pestled powder is heated under vacuum to remove adsorbed gases, TEM sample are crushed in a 
mortar, followed by homogeneous dispersion in ethanol. Furthermore, it is obvious from TEM 
images that variation of the synthesis parameters exerts a notable influence on the resulting 
morphologies. Especially shorter ramping times (Figure 4-4d and g) and the addition of hydrogen 
peroxide (j and k) result in much smaller particles with diameters around 10-20 nm, whereas particle 
sizes of 30-40 nm were obtained from the standard synthesis. 




Figure 4-4. TEM images of the spinel samples synthesized with one parameter varying from the standard synthesis 
method (f)): a) and b) with 140°C and 160°C synthesis temperature, c) with 30 min holding time, d) and g) with 10 and 
20 min ramping time, e) and h) with 0.9 and 0.18 mmol cobalt precursor respectively, i) with a faster stirring speed and 
j) and k) with addition of 1.5 and 3 ml H2O2 (30wt-%). For all images, the same magnification of 50 k was applied (scale 
bar = 3 m). 
High resolution images of four different samples were measured; obtained from the standard 
synthesis, from the lowest synthesis temperature (140°C), from lower Co-concentration (0.9 mmol) 
and obtained from addition of the highest H2O2 amount added to the reaction mixture (3 mL). 
Representative images are shown in Figure 4-5. For all these samples, the (111), (202), (311) and 
(404) planes were observed, except for the (404) being absent in the spinel obtained from standard 
synthesis. However, it cannot be concluded that the (404) plane is not present in this sample since 
the observed area is very small. From these measurements it can be assumed that the influence of 
the exposed plane and – most likely – also of the number of specific Co2+/Co3+-sites on the water 
oxidation activity can be neglected. This plane-dependency of water oxidation activity was shown 
to be an important effect in recent studies of Ding et al. and Sun et al. as already discussed in 
chapters 1.2.1 and 3.1.297,303 




Figure 4-5. High-resolution TEM images of four selected samples: the sample produced at standard synthesis condition, 
one sample synthesized at lower temperature (140° C), one sample resulting from H2O2 addition (3 ml) to the synthesis 
mixture and one sample in which synthesis less precursor (0.9 mmol) was used. 
Deeper insight into the atomic short-range order of the different synthesized Co3O4 oxides was 
obtained through extended X-ray absorption fine structure (EXAFS) analyses. Figure 4-7 shows the 
fitting of the Fourier-Transformed FT|k3(k)| of the experimental Co K-edge EXAFS spectra k3(k), 
for oxides synthesized at different H2O2 concentrations of 3 mL and 1.5 mL, low temperatures of 
140 °C and 160 °C and at a lower Co(ac)2 concentration of 1.2 mmol. Calculated main values for 
interatomic distances, atomic coordination numbers (N), and Debye-Waller factors (2), are given 
in Table 4-3. The first peak in the FT|k3(k)| spectra at r  1.55 Å, arising from backscattering of 
neighboring O atoms, relates to Co2+ and Co3+ cations in tetrahedral {CoO4} and octahedral {CoO6} 
coordination with oxygen atoms at interatomic distances of  1.914 Å and  1.899 Å, respectively. 
Those two shells, however, are too close to be resolved in the FT|k3(k)| spectra, and hence they 
convolute to a main Co-O shell with a main interatomic distance Co-O  1.913 Å and main atomic 
coordination number N = 5.333. The second and third peaks at r  2.49 and r  2.95 Å due to 
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backscattering of neighboring Co atoms, relate to the CoOct-CoOct  2.856 Å [N = 4] and CoTet-CoOct 
 3.365 Å [N = 8] coordination shells, respectively. The fourth peak at r  4.70 Å relates to higher-
order Co-O(-Co) coordination shells (Figure 4-7, Table 4-3). The positions of the coordination 
peaks in FT|k3(k) and their Wavelet-Transformed (WT) spectra does not change among the 
different Co3O4 oxides. However, both the FT|k3(k)| and WT spectra exhibit a decreasing relative 
magnitude of the Co-O, CoOct-CoOct, CoTet-CoOct, and higher Co-Co(-O) coordination peaks. The 
amplitude decay in the FT|k3(k)| and WT spectra is related with a decreasing in the coordination 
number (N), or an increase in the mean-square disorder parameter 2, which arises from static 
structural disorder from crystal defects due to slightly different interatomic distances in the same 
coordination shell. Hence, the weakening in the relative amplitude of high coordination peaks in 
the FT|k3(k)| and WT spectra provides a direct indication of the extent of crystalline long-range 
order around the cobalt center.  
The Co3O4 oxides obtained from standard synthesis, and those synthesized at 30 min holding and 
at 10 min ramping time, show FT|k3(k)| and WT spectra similar to those of Co3O4 synthesized at 
lower Co(ac)2 concentrations of 0.9 and 1.2 mmol. As shown in Figure 4-7 and Table 4-3, the 
interatomic distances and the atomic coordination numbers N remain the same, showing that the 
atomic short-range order of those oxides is very similar regardless of the varying synthesis 
parameters, and display higher crystallinity among the different synthesized Co3O4 oxides. While 
the main interatomic distances and N-values for Co3O4 oxides synthesized at low temperatures of 
160 and 140 °C remains quite the same, those oxides show an increasing in the mean-square static 
disorder 2 (Table 4-3). This suggests that these oxides have slightly increased local disorder, and 
points out to the synthesis temperature as a crucial parameter for controlling the local order and the 
degree of crystallization of the bulk spinel structure. The static local disorder 2 increases more 
remarkably for Co3O4 oxides synthesized at a H2O2 concentration of 1.5 and 3 ml (Figure 4-7and 
Table 4-3), which indicates increased local-disorder and lower crystallization degree in those 
oxides. The lower crystallinity of these oxides may arise from their formation process. When adding 
H2O2 to the initial suspension (Co(CH3COO)24H2O + 1.5 ml H2O + 25% NH3), some divalent Co2+ 
cations are replaced by trivalent Co3+ species. The anions in suspension are then intercalated into 
the interlayer space to compensate the extra position charge due to Co3+ cations, thus leading to the 
formation of a hydrotalcite-type cobalt compound.354 Thereafter, upon hydrothermal treatment at 
180 °C, the hydrotalcite-cobalt compound is converted into a spinel-type Co3O4.355 This structural 
transformation induces increased local-disorder in the oxides synthesized using H2O2 as oxidant. 
This finding agrees with the results from PXRD and Raman spectra, in which Co3O4 oxides 
synthesized at H2O2 concentration of 1.5 and 3 mL show broadened diffraction and Raman peaks 
due to the local structural dispersion of the Co and O atoms in the spinel structure (Figure 4-2). 
  
Microwave-Hydrothermal Tuning of Spinel-Type Co3O4 Water Oxidation Catalyst 
93 
 
Table 4-3 Main interatomic distances, atomic coordination numbers (N) and Debye-Waller factors (σ2) calculated 
from the fitting of the experimental Co K-edge FT|k3(k)| | spectra of Co3O4 (phase uncorrected) (Table created by 
Carlos A. Triana). 
Sample Bond N σ2 r (A) 
1.2 mmol Co Co-O 5.33 0.00291 
0.00307
1.9127 
S02≈0.752 CoOcta-CoOcta 4.00 0.00325 2.8558 
E0≈-1.252 eV CoTetra-CoOcta 8.00 0.00653 3.3496 
 Co-Co 8.00 0.00354 4.9621 
30 min holding  Co-O 5.33 0.00289 1.91245 
S02≈0.752 CoOcta-CoOcta 4.00 0.00324 2.85655 
E0≈-1.296 CoTetra-CoOcta 8.00 0.00833 3.36713 
 Co-Co 8.00 0.00437 4.96613 
Standard Co-O 5.33 0.00305 1.91274 
S02≈0.752 CoOcta-CoOcta 4.00 0.00341 2.85696 
E0≈-1.222 CoTetra-CoOcta 8.00 0.00878 3.36580 
 Co-Co 8.00 0.00463 4.96822 
10 min ramping  Co-O 5.33 0.00299 1.91224 
S02≈0.752 CoOcta-CoOcta 4.00 0.00339 2.85667 
E0≈-1.203 CoTetra-CoOcta 8.00 0.00890 3.36746 
 Co-Co 8.00 0.00461 4.96724 
0.9 mmol Co  Co-O 5.33 0.00300 1.91561 
S02≈0.752 CoOcta-CoOcta 4.00 0.00315 2.85892 
E0≈-0.549 CoTetra-CoOcta 8.00 0.00522 3.35031 
 Co-Co 8.00 0.00424 4.97378 
160 °C Co-O 5.33 0.00300 1.9136 
S02≈0.752 CoOcta-CoOcta 4.00 0.00346 2.8577 
E0≈-0.966 eV CoTetra-CoOcta 8.00 0.00675 3.3548 
 Co-Co 8.00 0.00410 4.9670 
140 °C Co-O 5.33 0.00310 1.9153 
S02≈0.752 CoOcta-CoOcta 4.00 0.00354 2.8576 
E0≈-0.687 eV CoTetra-CoOcta 8.00 0.00697 3.3509 
 Co-Co 8.00 0.00428 4.9672 
1.5 ml H2O2 Co-O 5.33 0.00323 1.9127 
S02≈0.752 CoOcta-CoOcta 4.00 0.00358 2.8585 
E0≈-0.985 eV CoTetra-CoOcta 8.00 0.00718 3.3921 
 Co-Co 8.00 0.00503 4.9672 
3 ml H2O2 Co-O 5.33 0.00342 1.9135 
S02≈0.752 CoOcta-CoOcta 4.00 0.00381 2.8604 
E0≈-0.959 eV CoTetra-CoOcta 8.00 0.00797 3.3618 





Figure 4-6. Fitting (red) of the FT|k3(k)| spectra (gray) for Co3O4 oxides synthesized at different H2O2 added amounts 
of 3 and 1.5 ml, low temperatures of 140 and 160 °C, and lower Co(ac)2 concentration of 1.2 mmol (phase uncorrected). 
The background 2D contour plots are the WT of the k3(k) spectra and their shaded regions highlight the decreasing of 
the peak intensity due to increases in the local-disorder parameter 2 for the Co-O, CoOct-CoOct, CoTet-CoOct and higher 
Co-Co(-O) coordination shells (Figure created by Carlos A. Triana). 
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X-ray absorption near edge structure (XANES) spectra was used to get further insight on the 
electronic properties and main oxidation state of Co in the synthesized oxides. Figure 4-7 shows the 
XANES spectra for oxides synthesized at H2O2 concentrations of 3 and 1.5 mL, low temperatures 
of 140 and 160 °C, Co(ac)2 concentration of 1.2 mmol and those of the reference compounds CoIIO 
and LiCoIIIO2. The Co K-edge absorption edge energy of the different Co3O4 oxides is located at  
7720.1-.3 eV (Figure 4-7), suggesting that the oxidation state of Co is quite the same for all 
synthesized Co3O4 oxides. From the linear dependence of the Co K-edge position at the energy 
corresponding to (E)  0.5 of the normalized XANES spectra of Co3O4 and reference oxides CoIIO, 
LiCoIIIO2, the main oxidation state of Co was calculated to be 2.65. This agrees well with the main 
cobalt oxidation state of a normal spinel structure with 8 Co2+ and 16 Co3+ cations located on 
tetrahedral and octahedral sites, respectively. The slight changes in the white line intensity at  
7729.57 eV (Figure 4-7), further indicates the existence of local-disorder and that the density of 
unoccupied Co d-states is slightly different for Co3O4 oxides synthesized at H2O2 concentrations of 
1.5 and 3 ml. This, as previously discussed, could be due to the structural transformations induced 
when using H2O2 as oxidant, and to some extent of charge imbalance due to the interaction of Co2+-
Co3+ species.332 
 
Figure 4-7. a) XANES spectra of selected synthesized Co3O4 oxides, and reference compounds CoIIO and LiCoIIIO2, b) 
the zoom of the Co K-edge absorption of the normalized XANES spectra. c) The average Co valence state determined 
from the XANES spectra. (Figure created by Carlos A. Triana) 




Figure 4-8. a) Wagner plot of the the four most different samples with the kinetic energy of the Co L3VV Auger electron 
and Co 2p3/2 core level binding energy with Co*, CoO* and Co3O4* references obtained from NIST database.335 b) XPS 
spectra of the Co 2p peaks of the same samples and of CoIIO and LiCoIIIO2 reference compounds (inset: satellite of the 
Co 2p3/2 peak) (Figure created by Sebastian Siol).
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X-ray photoelectron spectroscopy was conducted on the standard, 3 mL H2O2, 140 °C and 0.18 
mmol samples, the latter corresponding to the three synthesis conditions deviating most widely 
from the standard protocol. The Co 2p spectra are shown in Figure 5b with similar binding energies 
for all samples of  780 eV for the Co 2p3/2 and  795 eV for the Co 2p1/2 peak, which corresponds 
to literature values.335 The spectra of the reference compounds CoIIO and LiCoIIIO2 are shown in 
the same graph, indicating an increase in surface oxidation state in the order 0.18 mmol < standard 
 3 mL H2O2 < 140°C, which is in accordance with the XANES data shown in Figure 4-7. The 
oxidation states were determined from the intensity of the shake-up satellite at 785-786 eV (inset 
in Figure 4-8b), which originates exclusively from Co2+, since the binding energies of Co2+ and 
Co3+ are too close to be distinguished.336 For this reason, a Wagner plot containing the kinetic 
energies of the Co L3VV Auger electrons vs the corresponding binding energies of the Co 2p3/2 core 
level photoelectrons is shown in Figure 4-8a. Wagner plots facilitate chemical state analysis, by 
illustrating shifts in photoelectron lines and X-ray excited Auger electron lines as well as the 
modified Auger parameter (AP) which is defined as the sum of the Auger electron kinetic energy 
and the corresponding core-level photoelectron binding energy.262 Due to its insensitivity to static 
charging and variations in the energy scale calibration the AP is particularly useful to compare 
spectra of insulating samples with literature data and spectra acquired with different instruments. 
Reference values for the modified AP for CoO, Co and Co3O4 are indicated in Figure 5a as diagonal 
blue lines.335 The APs of the as-synthesized Co3O4 samples are in agreement with previous values 
reported in literature, while only the parameter of the sample synthesized at low temperature (140 
°C) is somewhat lower but still within the error range. 
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4.4.2 Water Oxidation Activity 
EIS measurements were evaluated by S. Esmael Balaghi. 
The obtained materials were furthermore compared for their water oxidation activity. Water 
oxidation tests were performed using two different methods, chemical and electrocatalytic water 
oxidation. In the first method, the water oxidation activity was assessed using cerium ammonium 
nitrate (CAN) which is a standard oxidant for water oxidation with a redox potential of 1.75 V vs 
NHE.82 The formed oxygen was measured with a luminescent dissolved oxygen electrode and is 
shown as a function of the catalyst amount in Figure 4-9. The dark red bar at the beginning of each 
group represents the reference yield obtained from Co3O4 synthesized with standard parameters. 
Obviously, any change of synthesis parameters in the standard protocol leads to a better oxygen 
evolution. For the first three parameters, i.e. temperature, H2O2 and Co-precursor concentration, the 
oxygen concentration shows an upward trend whereas for the ramping time an optimum was 
obtained for 20 min ramping time. With shorter reaction (holding) time and faster stirring speed the 
activity was only marginally increased. 
 
 
Figure 4-9. Water oxidation activity (chemical: red, electrocatalytic: blue) of the spinel samples synthesized with one 
parameter varying from the standard synthesis method (most intense colour, always on the left of each group). Chemical 
oxidation was assessed with 146 mM cerium(IV) ammonium nitrate (CAN) and the electrocatalytic activity was 
compared by the potentials vs. RHE at 1 mA/cm2 in 1 M KOH. 
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Electrocatalytic measurements were performed with a standard three electrode setup using Ag/AgCl 
as reference and Pt as counter electrode in alkaline environment. The applicability of these two 
electrodes was shown in the previous chapter. To evaluate electrocatalytic water oxidation activity, 
stepwise chronoamperometry from 0.45 V to 0.65 V vs Ag/AgCl was performed. To obtain the bare 
Faradaic current without diffusion current, the current density value after 5 min holding at the same 
potential was considered and plotted against the applied potential. To facilitate comparison between 
the samples, the potential at 1 mA/cm2 current density is shown at the left of each triad in Figure 
4-9 (dark blue bars). Notably, the exact same trends for water oxidation activity were obtained by 
the two different methods. Both chemical and electrochemical activity could be increased by either 
shorter synthesis times, addition of hydrogen peroxide or lower precursor concentrations. The 
optimal ramping time was found to be 20 min. Shorter synthesis holding times had a more 
productive influence on the electrocatalytic performance than on the chemical oxidation activity, 
and stirring speed was the least important parameter in both assays.  
To check, whether the increased catalytic activity arises from lower resistivity for OER on the 
electrode surface, two representative samples were chosen for EIS analysis – Co3O4 synthesized at 
140°C and 180°C (standard synthesis). The Nyquist plots of both electrodes show a semicircle in 
the frequency range of 0.1-50 kHz (Figure 4-10 (a)), which can mainly be correlated to charge 
transfer resistance (Rct) of the cobalt oxide catalysts. The diameter of the semicircle in the Nyquist 
diagram of Co3O4 synthesized at 140 °C is smaller in comparison with the standard sample, showing 
lower Rct, due to reduced resistivity of OER on the electrode surface of the 140 °C sample. A coated 
electrode equivalent electrical circuit was used to fit the EIS data. The Rct of the sample synthesized 
at 140 °C at 1.69 V (vs RHE) is estimated to be 6.20 Ω cm-2, lower than that of the standard sample 
(8.40 Ω cm-2) (see Table 4-4). This is presented in the Bode plots (Figure 4-10 (b)) as well, where 
the sample synthesized at 140 °C shows smaller resistance (Log |Z|). Therefore, it was confirmed 
that the sample synthesized with standard conditions suffer from higher OER resistivity in the 
applied potential window, whereas the lower OER resistivity of the sample synthesized at 140 °C 
leads to higher charge transfer properties.  
 





Table 4-4 Equivalent circuit and its parameters for Carbon paper/catalyst in 1.0 M KOH solution obtained from the 




140 °C Standard 
RS 2.03 2.41 
CPEfilm-T 8.09×10-3 3.54×10-3 
CPEfilm-P 0.37 0.66 
Rfilm 1.77 1.66 
CPEdl-T 6.57×10-3 3.98×10-3 
CPEdl-P 0.48 0.67 
Rct 6.20 8.40 
 
Figure 4-10. (a) Nyquist and (b) Bode plots of 140 °C and Standard samples in 1.0 M KOH at 1.69 V vs RHE 
applied potential in the frequency range of 0.1 Hz–50 kHz (Figure created by S. Esmael Balaghi). 
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To evaluate the durability of the catalysts for water oxidation, long-term chronoamperometry was 
carried out at 2.19 V vs RHE in 1.0 M KOH for more than 20 hours with the same two representative 
samples as above. In comparison with the standard sample, the sample synthesized at 140 °C 
showed also higher current density in the long-term measurement. As shown in Figure 4-11, a 
current density of ∼10.0 mA/cm–2 was recorded for the sample synthesized at 140 °C which was 
higher compared to the sample synthesized at standard conditions (∼7.0 mA cm–2). The activity 
loss with time can be explained by surface amorphization or decrease in the physical stability of the 
Nafion layer on the electrode surface. 
 
Figure 4-11. Long-term chronoamperometry of the samples synthesized at 140 °C and 180 °C (standard) in 1.0 M KOH 
at 1.64 V vs RHE (Figure created by S. Esmael Balaghi). 
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Compared to our abovementioned study (chapter 3) where the influence of substantially different 
synthetic methods on the electrochemical activity was rather marginal, the present variations in 
electrocatalytic performance after changing a single synthetic parameter are somewhat higher and 
display a trend. In contrast, parameter-dependent chemical water oxidation activity differences were 
slightly smaller compared to the previous study covering a wider range of methods (Figure 4-12). 
 
 
Figure 4-12. Chemical water oxidation activity values from this chapter compared to the least and most active samples 
from the comparison of Co3O4 synthesis methods introduced in Chapter 3. 




Figure 4-13. Chemical water oxidation activity normalized to the WOC surface area determined from two different 
methods: calculated from crystallite size determined by the Scherrer equation at FWHM of the PXRD patterns or derived 
from BET measurements. 
Interestingly, for surface normalized activity (Figure 4-13) no correlation to any determined 
material parameter could be found. The lack of correlation between these activities and surface area 
is also obvious from comparison with calculated crystallite size and BET-determined surface area 
(Figure 4-14). The errors in BET and τXRD are in the range of 1-5 % (0.65 m2g-1 for BET, determined 
by fourfold measurement of commercial Co3O4 with similar crystallite size than most of the here 
investigated samples and 0.2-1 nm for τXRD, determined from error propagation from PXRD peak 
FWHM determination). In light of the key role of the {HO-Co2(μ-O/OH)2-OH} edge site in Co3O4 
assisted water oxidation revealed by Frei et al.39, we tentatively plotted non normalized chemical 
water oxidation activities vs the bond length and disorder of CoOct-CoOct as determined by EXAFS 
fitting (cf. below, Figure 4-14). Other than for the other structural parameters (Co-O and CoOct-
CoTet, see Table 4-3), a trend was about to emerge here, but more precise data are required to 
establish a truly significant correlation. In comparison, other materials characteristics such as 
oxidation state and crystallinity did not display any clear correlations with the water oxidation 
activity. As an overall trend, however, smaller particles with larger surface area as well as lower 
sample crystallinity with higher disorder result in higher water oxidation activities. 
 
 




Figure 4-14. Chemical water oxidation activity, together with the respective particle size determined by the Scherrer 
equation at FWHM of the PXRD patterns (tXRD), the BET surface area as well as and the mean-square disorder parameter 
2 and the bond length, both of CoOct – CoOct, determined from EXAFS fitting. Error bars for BET and tXRD  are not 
shown, but are in the range of 1 – 5 %  (0.65 m2g-1 for BET, determined by fourfold measurement of commercial Co3O4 
of similar size than most here investigated samples and 0.2 – 1 nm for tXRD , determined from error propagation from 
PXRD peak FWHM determination). Error estimation for disorder 2 and bond length are given in table S1 as significant 
decimal digits. 




The present study demonstrates new insights into the importance of synthetic parameters in 
microwave-hydrothermal synthesis. This synthetic approach is a tunable and rapid method for the 
production of nanoscale spinel-type Co3O4 water oxidation catalysts, therefore holding great 
potential for industrial applications. Starting from a standard microwave protocol, the influence of 
six key synthetic parameters on the properties of the resulting cobalt oxide samples was first 
screened. In particular, shorter ramping times and addition of hydrogen peroxide were shown to 
reduce crystallite and particle size. The crystallinity of the Co3O4 catalysts was decreased most 
significantly by hydrogen peroxide addition and by lower synthesis temperatures. Therefore, 
hydrogen peroxide addition was found to be the most influential synthesis parameter, even though 
the bulk cobalt oxidation state of the emerging spinels was not notably influenced as shown by 
XANES investigations. 
The obtained Co3O4 spinels were characterized with respect to their synthesis parameters using a 
wide range of analytical methods, including PXRD, BET, XAS, XPS, and Raman spectroscopy as 
well as electron microscopy. Next, they were compared with respect to their chemical and 
electrocatalytic water oxidation activity. Significant changes in the respective water oxidation 
activities were observed as a result of the synthetic parameter variations. In particular, H2O2 addition 
during synthesis yielded much more active catalysts. Furthermore, lower synthesis temperature, 
cobalt precursor concentrations and shorter ramping times exerted a beneficial influence on the 
oxygen evolution performance. Stirring speed and holding time were found to be the least impactful 
parameters.  
Correlations of the observed activity changes with the detailed materials parameters of the Co3O4 
spinels indicate that not only the surface area and the crystallite size, but possibly also structural 
parameters, such as disorder and CoOct-CoOct bond distances as present in the surface edge-site motif 
determine the water oxidation activity. These results illustrate the key importance of synthetic 
parameter tuning in heterogeneous catalyst production. Therefore, systematic explorations of the 
synthetic parameter space along with insight into the underlying mechanisms of catalyst formation 
and activity are indispensable for informed and efficient design. Future strategies may thus combine 
rapid machine learning parameter screening with well-designed in situ monitoring experiments.
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5 Outlook: Mixed Spinels 
5.1 Introduction 
The importance of stable and active water oxidation catalyst has already been pointed out in the 
introduction of this thesis. Co3O4 was discussed in depth in the previous chapters as a promising 
and important candidate. In this chapter, a wider screening of spinel materials with other 
combinations of different (transition) metals was performed. 
Cobalt as an active WOC center is not only tested and applied in the form of spinel-type cobalt 
oxide, but many different Co-based catalysts, including molecular catalysts and amorphous solids, 
were described.356 Additionally, WOCs containing Mn are highly attractive since nature uses 
manganese to split water in PS II (see chapter 1.1.1).65,357,358 Furthermore, it was already shown that 
spinels containing both metal centers, Co and Mn, were more active for electrocatalytic water 
oxidation than primary materials.182,359 
Another biomimetic concept from PS II was also already adapted: besides Mn, the PS II cluster 
contains one redox inert Ca(II) ion. Its role is still widely discussed for the development of efficient 
WOCs as already mentioned in chapter 1.1.2.36,234,360–362 Therefore, many catalysts containing a 
redox inert ion were developed, either with Ca as in PS II but also with other cations like Li+, K+, 
Ga3+ or lanthanides. 36,234,361–363 
Another very active water oxidation catalyst group are nickel-iron compounds.364 Iron was long 
known to “pollute” Ni(OH)2 electrodes which causes serious deterioration in alkaline batteries by 
lowering the overpotential of oxygen evolution, which on the other side has a very beneficial effect 
for WOCs.365,366 This was already introduced in more detail before (chapters 1.1.2.1 & 1.1.2.3). 
Today, many basic but also highly engineered Ni-Fe catalysts exist which exhibit great potential 
for the water oxidation reaction.114,367,368 Moreover, spinel-type Ni-Fe oxide, NiFe2O4, was found 
to be active for water oxidation and doping with other metals even increased its activity.369–371 Other 
metal oxide combinations in the spinel matrix were found to be more efficient than the 
corresponding primary or binary compounds as well.371–373 
Gallium as redox inert ion in a spinel matrix containing cobalt and manganese was already 
examined in previous works of our group, namely by Franziska Conrad.363 In continuation of these 
studies and to further explore all these above mentioned findings of synergistic effects between 
different metals and the incorporation of redox inert cations in WOCs, a broader screening study 
on mixed spinels was planned. The scheme shown in Figure 5-1 was developed as a guideline for 
the following experiments. 
 




Figure 5-1. Planned investigation scheme for mixed transition metal spinel-type oxides (left) and mixed spinel 
containing a redox inert Ga ion as biomimetic feature of PSII. 
5.2 Aims of the project and summary  
The advantages of Co3O4 as water oxidation catalyst were already laid out several times in the 
previous chapters. Therein, Co3O4 itself was altered by varying synthesis conditions and methods. 
In this chapter, the synthesis protocol is mainly kept constant among compared materials, but 
different precursor combinations were applied to change the transition metal combinations in the 
spinel matrix with the aim of investigating the presence of synergistic effects. Various spinel 
materials containing Co, Mn, Ni, Fe and also the redox inert component Ga were produced and 
compared with respect to photocatalytic water oxidation performance. It became evident that 
changing the metal content does exert a major influence on the catalytic activity. Interestingly, the 
pure Co3O4 showed the highest activity, and was only slightly improved with the incorporation of 
iron. However, these results have to be interpreted with caution due to some wider error ranges in 
the catalytic performance data associated with technical setup issues. 




5.3.1 Synthetic Procedures 
Syntheses were carried out either hydrothermally or using the sol-gel approach adapted from ref 325. 
For hydrothermal synthesis, two different driving forces were used, namely normal heating in the 
oven or heating by microwave. The microwave synthesis was adapted from ref 363, whereas the 
hydrothermal protocol were performed similarly as described in ref 374.  
Hydrothermal synthesis. For the hydrothermal synthesis of Ga-containing spinel oxides, metallic 
gallium (1.4 mM) together with the corresponding transition metal salt (e.g. Co(NO3)2  6 H20 (0.7 
mM)) and 2-aminoethanol (5 ml) were added into a  20 ml Teflon liner and heated in a water bath 
for about 15 min. Afterwards, the reaction mixture was sealed in a stainless-steel autoclave and 
heated to 240 °C for 6 days. The products were transferred with MeOH and filtered off. Since 
metallic cobalt was formed as a side product, the product was redispersed to remove the metallic 
cobalt with a magnet before a second filtration. 
Microwave hydrothermal synthesis. For the microwave hydrothermal synthesis of mixed spinels, 
a total of 1.8 mmol of the corresponding salts was dissolved in 15 mL H2O and the pH was adjusted 
to 11 with NH3 (25 %) solution. The resulting dispersion was filled into a 50 mL CEM Omni Teflon 
liner, which can be closed and fixed inside a frame before introducing into the microwave. 
Reactions were carried out in a MARS5 microwave (CEM cooperation). The synthesis was 
conducted by controlling the temperature; 30 min ramping to 180°C and then holding this 
temperature for 60 min (referred to as holding time throughout the chapter) under constant stirring. 
The temperature and pressure were measured from the reference vessel, which was equipped with 
appropriate sensors. After letting the dispersions cool down to room temperature, the product was 
separated by centrifugation and washed with H2O.  
Sol-Gel (SG).325 A variation of the sol-gel method from the Pechini method249 was applied: a total 
1.8 mmol of the corresponding transition metal salts and 2.7 mmol of citric acid were dissolved in 
25 mL H2O. The solution was heated up slowly while stirring until a gel was formed. It was heated 
up to 400 °C for 1 h, then transferred into a ceramic crucible and heated to 700 °C for 10 h yielding 
spinel-type transition metal oxides. 
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5.3.2 Photocatalytic Measurements 
Photocatalytic water oxidation tests were performed using a standard [Ru(bpy)3]2+/S2O82- 
protocol.165 Photocatalytic reaction suspensions were handled in a dark environment while shielded 
from light. According to the protocol, spinel photocatalyst (2 mM), Na2S2O8 sacrificial electron 
acceptor (9.5 mg, 5 mM), and [Ru(bpy)3]Cl2・6H2O photosensitizer (6.0 mg, 1 mM) were mixed 
with borate buffer (8 mL, 80 mM, pH 8.5) in a 10 mL headspace glass vial. The glass vial was 
subsequently sealed gas-tight with a rubber septum (PTFE) and an aluminum crimp cap and 
sonicated for 3 min. To remove all the oxygen before starting the test, the suspension was degassed 
through purging with helium (purity 5.0) for 10 min. Afterward, the catalytic suspension was 
illuminated with a 460 nm high flux LED light (26.1 mW cm-2, Rhopoint Component LTD) under 
constant stirring for 30 min. For evaluating the amount of evolved oxygen a 100 µL gas sample was 
taken from the headspace with a gastight microliter syringe (Hamilton-1825RN) and injected into 
the gas chromatograph (GC). Gas chromatography (GC) measurements were recorded with an 
Agilent Technologies 7820A equipped with a thermal conductivity detector (Varian). O2 and N2 
were separated by passing the sample through a 3 m x 2 mm packed 5 Å molecular sieve 13 x 80-
100 column with a helium carrier gas (purity 6.0). 
 A previously determined linear GC calibration curve was used to quantify the oxygen evolution 
(air contamination was corrected). The yield was then calculated from obtained oxygen amount 
relative to the maximum possible amount regarding the sacrificial electron acceptor. 
5.3.3 Materials and Methods  
All chemicals and solvents were purchased from commercial suppliers: Gallium (Aldrich, pieces, 
99.99999% trace metal basis), Co(NO3)2・6H2O (Fluka, purum p.a.  98%), Ga(NO3)3 (Aldrich, 
crystalline, 99.9% trace metal basis), MnSO4・1H2O (Sigma-Aldrich, ReagentPlus,  99%),  
FeSO4・7H2O (Sigma-Aldrich, ACS reagent,  99.0%), Co(CH3COO)2・4H2O (Sigma-Aldrich, 
reagent grade), Ni(CH3COO)2・4H2O (Aldrich, purum p.a.,  99.0%), 3-aminoethanol (Fluka, 
puriss. p.a.  99.0%) [Ru(bpy)3]Cl2・6H2O (Sigma–Aldrich, 99.95 %), Na2S2O8 (Sigma–Aldrich, 
99.0 %), H2O2 30 wt.% in H2O (Sigma–Aldrich, ACS reagent), ammonia solution 25 % (Merck, 
for analysis), ethanol (VWR Chemicals, absolute), methanol (VWR Chemicals, absolute), citric 
acid (Merck, anhydrous for synthesis), Cobalt (US Research Nanomaterials, 28 nm, 99.8%, 
partially passivated w/[O]  0.8%) 
PXRD and BET measurements were performed as described in chapter 5.3.3. SEM was measured 
on a Jeol JSM-6060 equipped with a tungsten filament.  EDX measurements and mappings were 
recorded with a Bruker AXS XFlash ® Detector 4010. TEM measurements were conducted on a 
JEOL JEM2200fs operated by Yucheng Zhang (EMPA). 
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5.4 Results & Discussion 
Mixed spinels with different transition metal compositions, as illustrated in Figure 5-2, and ratios 
were synthesized and photocatalytically tested for water oxidation. 
 
Figure 5-2. Different transition metal combinations obtained and tested for photocatalytic water oxidation. 
 
CoGa2O4: CoGa2O4 was prepared via two different methods: First by the hydrothermal approach 
developed by Walton et al. and second by microwave synthesis for a better comparison with the 
other mixed spinels. The microwave synthesis was found to be much more appropriate, since it was 
considerably faster (1.5 h instead of 6 days) and secondly also delivered phase pure spinels, whereas 
in the hydrothermal method metallic cobalt was produced as a side product, which had to be 
removed from the main phase (see Figure 5-3). Nevertheless, the hydrothermal synthesis opened 
up an interesting question about catalyst optimization, since we observed that the unseparated 
product, i.e. a mixture of the metallic cobalt with CoGa2O4, was more active in photocatalytic water 
oxidation than after removal of the metallic cobalt (see Table 5-1). This probably indicates the 
importance of conductivity for active catalysts as discussed in our previous works.375 
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Table 5-1 Different activities (mean values from two measurements) obtained for the product as synthesized or separated 
(complete separation is not possible with this setup; traces of metallic cobalt remains in CoGa2O4 and vice versa). 
Product treatment Photocatalytic O2 Yield [%] 
Unaltered (→ Co + CoGa2O4) 15.3  4.2 
Metallic Co removed (→ CoGa2O4) 8.0  2.2 
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These findings were further investigated by EDX mapping where clearly distinct cobalt spots were 
seen (see Figure 5-4). Therefore, we presumed from these experiments, that metallic cobalt inside 
an oxide matrix is able to increase the photocatalytic activity. To test if the increase in activity arises 
from the metallic particles themselves, or if a mixture or an embedment is needed, metallic 
nanoparticles were characterized and tested for water oxidation activity. The investigated 
nanoparticles were defined as partially passivated with  0.8 % [O] by the supplier. PXRD however 
revealed the presence of Co(OH)2 besides face-centered cubic (fcc, S.G. Fm-3m) metallic cobalt 
(see Figure 5-5a). It was found that the photocatalytic yield was around 30 % and therefore similar 
to the one obtained for the separated metallic cobalt after hydrothermal synthesis of CoGa2O4. 
Besides the Co(OH)2 phase, the nanoparticles contained also Co3O4, especially after photocatalytic 
tests, as evident from PXRD patterns (Figure 5-5b). 
 
Figure 5-4. EDX mapping of hydrothermally as-synthesised CoGa2O4 containing metallic cobalt particles. 
 




Figure 5-5. PXRD of the purchased cobalt nanoparticles containing 0.8 % [O] (a) and TEM diffraction patterns of these 
particles before and after water oxidation activity tests (b). 
To check if the activity changes with advancing oxidation, the nanoparticles were slowly oxidized 
in air at 220°C. The temperature was so adjusted that the oxidation process (progress checked by 
PXRD) was completed in a few hours and therefore samples with different average cobalt oxidation 
states could be compared. Every 40 min an aliquot was tested for water oxidation activity and the 
yield was determined as illustrated in Figure 5-6. No trend can be seen from this experiment in spite 
of significant differences of the yields, varying from 20 to 34 %.  




Figure 5-6. Yield in photocatalytic water oxidation obtained from commercial cobalt nanoparticles being oxidized at 
220°C for increasing times. 
CoxMn1-xGa2O4 and CoxFe1-xGa2O4: The mixed spinels were prepared by microwave synthesis as 
described in the experimental part of this chapter. All CoxMn1-xGa2O4 samples were synthesized 
simultaneously by inserting 5 reaction vessels in the microwave together, as well as the CoxFe1-
xGa2O4 samples. All samples, except Co0.2Fe0.8Ga2O4, were obtained in phase pure form (see Figure 
5-7). The replacement of Co with Mn was easily possible up to an initial ratio of 1:1 (0.5 in Figure 
5-7a). Samples containing more Mn were less crystalline, with MnGa2O4 being close to amorphous, 
but still showing the characteristic spinel peaks. Possible explanations could be that the Co2+ and 
Mn2+ ions have a similar radius of 70 pm while the more electron-rich Co2+ is stronger attracted by 
the oxygen anions and therefore also leads to a decrease in the unit cell constants.376–378 This might 
account for an easier formation of the spinel-type structure. Furthermore, Mn can adapt a wide range 
of oxidation states and therefore redox potentials and also easily disproportionate, which may lead 
to less crystalline phases.379–383  
The sample indicated as Co0.2Fe0.8Ga2O4 was obtained only as a mixture with iron oxide hydrate 
and FeGa2O4 was not obtained from this synthesis route. In both series, the samples ranging from 
x = 1 to 0.5 show very similar PXRD patterns which renders them comparable for catalysis in the 
first place. 


























Oxidation of Co-NPs at 220°C




Figure 5-7. PXRD pattern of CoxMn1-xGa2O4 (a) and CoxFe1-xGa2O4 (b) for different x values of the precursor 
composition. 
BET measurements of the CoxMn1-xGa2O4 samples showed increased surface area for the more 
amorphous Co0.2Mn0.8Ga2O4 and MnGa2O4 (Table 5-2). This is expected since a decrease in particle 
size leads to a peak broadening in the PXRD pattern (see Scherrer equation in chapter 2.2.1). The 
other three values for CoGa2O4, Co0.8Mn0.2Ga2O4 and Co0.5Mn0.5Ga2O4 are very similar. These 
values also correspond to the CoGa2O4 of the CoxFe1-xGa2O4-series. In the latter series, the highest 
surface area is exhibited by Co0.8Fe0.2Ga2O4. 
Table 5-2 BET surface area values for CoxMn1-xGa2O4 and CoxFe1-xGa2O4 samples 
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Due to earlier investigations, it was expected that the introduction of a certain amount of Mn in 
CoGa2O4 would increase the photocatalytic activity.363 However, as depicted in Figure 5-8, the 
introduction of all tested amounts of Mn was detrimental for the activity. This decrease in activity 
is almost linear, with only Co0.5Mn0.5Ga2O4 showing lower activity. The opposite is the case for the 
CoxFe1-xGa2O4 series, also illustrated in Figure 5-8. Here, CoGa2O4 exhibits the lowest activity with 
an increase upon higher Fe-content. These results show a clear indication of synergistic effects 
between different transition metals in an oxide matrix. Nevertheless, these results have to be treated 
with caution, as the reproducibility of the photocatalytic assay was not always given for these 
complex systems. Experience has demonstrated, that trends usually could be reproduced, but 
numerical values rather not. This is also obvious from Figure 5-8, where x = 1 corresponds basically 
to the same material, CoGa2O4. Although it was synthesized in two different batches which 
according to PXRD and BET (Figure 5-7 and Table 5-2) are very similar, there are still significantly 
different values among the Mn- and Fe-series. This may be due to subtle difference in the surfaces 
and surface oxidation states of such complex spinels upon fluctuations in microwave or other 
synthesis techniques. Note that even primary Co3O4 was already very sensitive towards the 
synthetic conditions as outlined in detail in the previous chapters. 
 
Figure 5-8. Photocatalytic water oxidation activity for CoxM1-xGa2O4 with M = Mn and Fe with ratios from x = 0-1. 
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Co3O4 and Fe3O4: In addition to Ga-containing spinels, mixed spinels without redox inactive 
transition metals were also prepared. As single metal references, primary oxides were synthesized 
first. Co3O4 and Fe3O4 could be obtained in phase pure form with the aforementioned microwave 
synthesis. Ni(OH)2 was obtained when applying the same synthesis conditions instead of Ni3O4, 
which is not surprising, since Ni3O4 is not stable and usually is formed only as surface state of NiO 
and in solid solution with Co3O4.384–387 The same reactions for both Co- and Fe-spinel were carried 
out at least twice each and these samples were chosen for comparison as well as one sample each 
(Co3O4 and Fe3O4) where the reaction was interrupted after 10 min. The latter samples were chosen 
for further evaluation since they were obtained simultaneously, therefore providing comparability 
regarding all synthesis parameters except the precursor salt. Better comparability in the 
photocatalytic tests was also given since they were all performed on the same day with the same 
reagents. The PXRD patterns of the selected samples are shown in Figure 5-9. All samples are phase 
pure and exhibit similar peak shapes, indicating related crystallinity and crystallite size. Indeed the 
BET surface areas are very similar, around 20 m2g-1 for all samples except Fe3O4 with 10 min 
holding time (Fe1 (10 min) in Figure 5-9), where it is 125 m2g-1. The slight shift of the Fe3O4 
patterns to smaller angles arise from the larger unit cell of Fe3O4 compared to Co3O4.388,389 
 
Figure 5-9. PXRD pattern of Co3O4 (Co1 (60 min) and Co2 (60 min) being different samples prepared by the same 
protocol, including 60 min holding time and Co1 (10min) where the reaction was stopped after 10 min) and Fe3O4 (same 
naming). 
To ensure that the required testing conditions for Fe3O4 are the same as for Co3O4, the photocatalytic 
tests for Fe3O4 were carried out at different pH values. The standard pH 8.5 borate buffer used for 
the evaluation of Co3O4 water oxidation activity was also the best choice for Fe3O4 amongst the 
selected buffers (see Figure 5-10) and was therefore selected for further experiments. 





Figure 5-10. Photocatalytic measurements of Fe3O4 carried out at different pH values: 50 mM borate buffer (pH 7), 80 
mM borate buffer (standard for Co3O4, pH 8.5), Britton-Robinson buffer (pH 10) and 1 M NaOH (pH 14). 
 
 
Figure 5-11. Water oxidation activity of Co3O4 and Fe3O4 synthesized with different holding times. The error bar for 
the 10 min samples arises from two measurements, whereas in the 60 min samples both two measurements were 
performed, and two different samples were compared. 
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If the photocatalytic activity of the selected samples, shown in Figure 5-11, is compared, we directly 
notice three things: First, Co3O4 seems to be more active for water oxidation in the photocatalytic 
assay for both synthesis temperatures. Second, the samples where the synthesis was interrupted, 
and the holding time therefore was only 10 min, perform better than the samples where the synthesis 
holding time was 60 min. This improvement in catalysis for shorter reaction times was already 
observed for Co3O4 in the previous chapter 4. The third observation from Figure 5-11 are the smaller 
error bars for the “10 min - samples” compared to the “60 min – samples”. This can be easily 
explained by two factors. The 60 min holding time was standard for the microwave syntheses in 
this project and therefore two different compounds for both measurements, Co3O4 and Fe3O4, could 
be selected. But the synthesis was only interrupted once, so only one sample of Co3O4 and Fe3O4, 
respectively, with 10 min holding time was produced. For the photocatalytic measurements, both 
of the latter samples were measured twice in immediate succession, therefore providing better 
comparability of the test conditions. The samples synthesized for 60 min were prepared and also 
photocatalytically tested at least days apart, leading to more pronounced deviations in the testing 
conditions. Furthermore, the Co3O4 and Fe3O4 samples synthesized with 10 min holding time were 
produced in the same run and also tested one after another, rendering their comparison more reliable 
compared to the ones emerging from the 60 min synthesis. 
CoxFe3-xO4 and NixFe3-xO4: After having investigated primary Co3O4 and Fe3O4 spinels, binary 
compounds, first of the latter elements and then also of Ni and Fe were studied. Figure 5-12 shows 
the PXRD patterns of binary spinels. In the CoxFe3-xO4 series, Co3O4 and Fe3O4 are the same 
samples as mentioned above (with 10 min holding time) which were synthesized simultaneously. 
To compare the binary spinels with these references, the subsequent synthesis of CoFe2O4 (Co1Fe2 
in Figure 5-12a), Co1.5Fe1.5O4 (Co1.5Fe.5) and Co2FeO4 (Co2Fe1) was also stopped after 10 min 
holding time. In this follow-up series, Co2FeO4 shows the broadest PXRD peaks, indicating lower 
crystallinity and smaller particle size. When mixing nickel and iron, only smaller amounts of nickel, 
up to an initial precursor ratio of 1:5 (Ni0.5Fe2.5) yielded phase pure spinels (see Figure 5-12). 
With higher amounts of Ni a secondary Ni(OH)2 phase was formed.  




Figure 5-12. PXRD patterns of CoxFe3-xO4 and NixFe3-xO4. The numbers in the legend (NixFey) indicate the ratio of the 
precursor salts and are not necessarily the ratio in the spinel structure. 
 




Figure 5-13. Photocatalytic yield of ternary CoxFe3-xO4 (red) and NixFe3-xO4 (blue) spinels. Errors were derived from 
2-3 repeated measurements. 
 
In Figure 5-13 the photocatalytic activities of these binary spinels are depicted. From incorporation 
of iron in cobalt oxide no systematic trend can be observed, and the highest activity was obtained 
from CoFe2O4. With nickel incorporation into Fe3O4, an increase in activity can be observed. 
Unfortunately, samples with a Ni content of 50% or more were not phase pure anymore. Partially 
large error bars in both series show the reproducibility problems of this test method with more 
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CoxNi1-xFe2O4: Finally, ternary spinels, containing all three selected transition metals, Co, Ni and 
Fe, were investigated. For this series, two different synthetic approaches were applied: first, the 
standard microwave procedure as applied throughout the whole chapter and second the sol-gel 
procedure as described in the synthetic procedures of this chapter (see chapter 5.3.1). For the 
CoxNi1-xFe2O4 samples synthesized by microwave techniques, with x ranging from 0 to 1, 
comparable yields to the above mentioned CoxFe3-xO4 samples were obtained (see Figure 5-14). No 
clear trend was observed for this series, and the only evident feature is the low activity for the cobalt 
free sample (x = 0 in Figure 5-14). In contrast, the samples synthesized by sol-gel methods do 
exhibit a trend as obvious from Figure 5-14. Here, the activity linearly increases with the Co-
content. However, further confirmation studies are necessary here.  
 
 
Figure 5-14. Photocatalytic yield of CoxNi1-xFe2O4 with x varying from 0 to 1, synthesized by standard microwave 
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5.5 Perspectives for further research 
While investigating CoGa2O4 synthesized via a hydrothermal method, the occurrence of metallic 
cobalt suggested new research directions into metallic cobalt compounds as powerful and 
alternative water oxidation catalysts. Oxides containing metallic cobalt were found to be more 
active than the corresponding oxides which were free of metallic cobalt.  
By introducing manganese and iron into the above described CoGa2O4 matrix, different results were 
obtained. While the introduction of Mn was detrimental for the performance of the resulting ternary 
oxide, Fe incorporation increased the activity. This shows the presence of rather complex 
synergistic effects between different transition metal combinations which merits further 
investigations. 
When comparing Co3O4 with Fe3O4 obtained from related synthetic protocols, the superior 
performance of Co3O4 became evident. Furthermore, the difference in synthesis time of microwave-
hydrothermal synthesis was compared for these samples. Shorter reaction times led to more active 
catalysts, which is in agreement with the findings from chapter 4. By substitution of Fe into the 
Co3O4 lattic - or vice versa – a general performance enhancement was achieved to the end that 
CoFe2O4 outperformed the other combinations, whereas no overall trend became evident. Further 
pre-screening with respect to Ni introduction into Fe3O4 lead to increased activities, followed by 
Ni(OH)2 formation above a Ni concentration threshold of Ni1.5Fe1.5O4. 
As for tests concerning ternary transition metal spinels containing cobalt, nickel and iron, CoxNi1-
xFe2O4 samples displayed no trend when applying the standard microwave method. However, when 
these samples were produced by the sol-gel approach, a linear increase in water oxidation activity 
with higher Co/Ni ratios was obtained, even though the general performance was inferior to the 
samples synthesized by microwave. 
By investigating different transition metal combinations in the spinel matrix for photocatalytic 
water oxidation activity, it became evident that in fact the cation combinations exert a major 
influence on the performance and open up the potential for further optimization of spinel materials 
with respect to both synthetic history and cation combinations. The present results pave the way to 
extended follow-up screening studies in this direction and indicate that a thorough set of analytical 
bulk and surface characterizations will be necessary to sort out the influence of complex parameter 
room on the activity of ternary and higher spinel materials. 
Conclusion & Outlook 
124 
 
6 Conclusions & Outlook 
Spinel-type transition metal oxides synthesized preferably by microwave hydrothermal synthesis, 
were investigated for key relations between their synthetic history, materials characteristics and 
water oxidation activity. To this end, special emphasis was placed on Co3O4 as a representative 
model system. 
In Chapter 3 the influence of the synthesis method on the resulting properties and water oxidation 
activity of Co3O4 is discussed in detail. As expected, synthesis methods were shown to have a major 
influence on the emerging materials properties, regarding crystallinity, disorder, surface area and 
particle size. Generally, lower crystallinity, higher extents of disorder and smaller particle sizes 
were obtained from syntheses performed at lower temperatures. Next, the influence of these factors 
on the activity of Co3O4 in different water oxidation catalysis assays was systematically 
investigated.  The chemical water oxidation activity was found to correlate well with the surface 
area and disorder of the materials. In a related trend, samples synthesized at lower temperatures 
showed higher activity in photocatalytic water oxidation. In contrast, no evident influence of any 
investigated materials property on the electrocatalytic water oxidation performance could be 
identified. These results outline the importance of the selected test and synthesis methods in the 
assessment and comparison of water oxidation catalyst activities.  
Chapter 4 can be considered as a zoom in into the first study: Here, a single synthetic method, 
namely microwave hydrothermal synthesis, was selected and various synthesis parameters like 
precursor concentrations, temperature, reactions times etc. were varied. The emerging spinels were 
thoroughly characterized and tested for chemical and electrochemical water oxidation activity. 
Interestingly, variations in their activity were almost as significant as in the previous study. In other 
words, the influence of completely different synthesis methods on the catalytic activity may be 
comparable to the change of a single synthetic parameter within one specific method. For all 
investigated parameters, an influence on the water oxidation activity was shown and analogous 
trends were found for chemical and electrocatalytic water oxidation. This outlines both, the 
importance of thorough synthetic optimization screenings for water oxidation catalyst production 
and the difficulties in predicting the influence of a given synthetic parameters variation.  
In the explorative third study of Chapter 5, the spinel synthesis parameters were mainly kept 
constant and the effect of several metal combinations within the spinel matrix was tentatively 
investigated. While major variations of the photocatalytic water oxidation activity were observed, 
the performance of pure Co3O4 could only be enhanced through incorporation of iron. Surprisingly, 
all other investigated combinations of Co3O4 with Mn, Fe, Co, Ni or with redox inert Ga showed 
lower activity. In a sideline project, the promising activity of metallic cobalt nanoparticles as an 
alternative to cobalt spinel was highlighted. 
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All in all, the present thesis underscores the massive influence of the synthetic parameters on the 
activity of Co-based spinels as model systems, along with the notable role of the selected test assay 
in performance comparisons. The studies conducted herein therefore point out the importance of 
considering all preparative parameters, even when comparing catalysts of related structural types, 
in search of trends in their properties and catalytic activities. The established guidelines for Co3O4 
as an attractive noble metal-free water oxidation catalyst model with high robustness pave the way 
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